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ABSTRACT 
Determining ecological interactions between predators and prey is important for understanding 
population dynamics and nutrient and energy flow. Food webs, however, are challenging to 
describe, particularly for generalist predators such as juvenile fish whose diet consists largely of 
taxonomically diverse invertebrates. To gain a better understanding of predator-prey 
relationships for stream resident fish belonging to the families Salmonidae and Cottidae, I 
compared three methods of diet analysis – traditional taxonomy using morphological features, 
sequencing of individual specimens, and next generation sequencing of homogenized stomach 
contents. Morphological identification was often limited to the Order level but allowed for 
quantitative data, count and biomass. Genetic analysis of prey provided substantially greater 
taxonomic resolution, with next generation sequencing of stomach homogenates revealing a 
much more diverse diet in both fish species. I also used next generation sequencing to assess 
invertebrate biodiversity from environmental DNA samples from stream water, DNA from 
ethanol preservative from Surber samples, and from stomach homogenates of stream fish. Water 
samples detected terrestrial and aquatic invertebrate species. Surber ethanol revealed a similar 
invertebrate diversity as fish stomach homogenates and a subset of the taxa detected using 
eDNA. Fish, however, appeared to be generalist feeders and collectively accounted for the 
greatest number of unique taxa. Although substantial overlap was observed in the taxonomic 
composition of Salmonidae and Cottidae diets, detections of unique taxa in stomachs of species 
belonging to Salmonidae suggest a more opportunistic feeding behaviour and potentially 
exploitation of more available habitat for species within this family.  
  ii 
TABLE OF CONTENTS 
ABSTRACT .................................................................................................................................... i 
TABLE OF CONTENTS ............................................................................................................. ii 
LIST OF TABLES ....................................................................................................................... iv 
LIST OF FIGURES ................................................................................................................... viii 
ACKNOWLEDGEMENTS ........................................................................................................ xi 
PROLOGUE .................................................................................................................................. 1 
CHAPTER 1 .................................................................................................................................. 5 
ABSTRACT .................................................................................................................................................................................. 5 
INTRODUCTION ....................................................................................................................................................................... 6 
METHODS AND MATERIALS ............................................................................................................................................... 8 
Morphological Identification of Prey Items ................................................................................................................... 10 
Sanger Sequencing of Individual Prey Items ................................................................................................................. 11 
Next generation Sequencing of Homogenized Stomach Samples ........................................................................ 15 
RESULTS .................................................................................................................................................................................... 21 
Morphological identification ................................................................................................................................................ 21 
Individual sequencing of prey items .................................................................................................................................. 24 
Next generation Sequences from stomach samples ................................................................................................... 27 
Comparison of Approaches .................................................................................................................................................... 29 
DISCUSSION ............................................................................................................................................................................. 39 
Morphological analysis ............................................................................................................................................................ 40 
Individual sequencing .............................................................................................................................................................. 42 
Ion Torrent Next Generation Sequencing ....................................................................................................................... 44 
Conclusion ...................................................................................................................................................................................... 45 
CHAPTER 2 ................................................................................................................................ 48 
ABSTRACT ................................................................................................................................................................................ 48 
INTRODUCTION ..................................................................................................................................................................... 48 
METHODS AND MATERIALS ............................................................................................................................................. 52 
Sample Collection ....................................................................................................................................................................... 54 
DNA Extraction ........................................................................................................................................................................... 56 
  iii 
Selection of universal invertebrate primers .................................................................................................................. 59 
Preparation for Ion Torrent Sequencing ......................................................................................................................... 59 
Sequence analysis ....................................................................................................................................................................... 62 
Taxonomic Assignment of OTUs .......................................................................................................................................... 66 
Analysis ........................................................................................................................................................................................... 66 
RESULTS .................................................................................................................................................................................... 69 
Taxon Composition – Lowest possible level ................................................................................................................... 70 
Taxon Composition – genera and species ....................................................................................................................... 76 
Comparison of Taxonomic Composition Between Sample Types......................................................................... 87 
DISCUSSION ............................................................................................................................................................................. 95 
Taxonomic resolution ............................................................................................................................................................... 98 
Limitations to the approach............................................................................................................................................... 100 
Consistency in the approach .............................................................................................................................................. 103 
Ecological significance.......................................................................................................................................................... 105 
EPILOGUE ............................................................................................................................... 108 
LITERATURE CITED ............................................................................................................ 114 
APPENDIX 1 ............................................................................................................................. 125 
APPENDIX 2 ............................................................................................................................. 134 
 
 
  
  iv 
LIST OF TABLES 
Table 1.1: Primers used to amplify extracted DNA from individual invertebrate samples and for 
next generation sequencing of stomach homogenates on an Ion Torrent platform. UniA and 
UniB sequences included within Zeale et al. (2011) and EPT primers are shown in bold. .. 15 
Table 1.2 Tukey’s post hoc test for differences between morphologically identified invertebrate 
Orders using count (below diagonal) and biomass (above diagonal) prey data from rainbow 
trout (Oncorhynchus mykiss) and prickly sculpin (Cottus asper) (n=16). Bolded values 
indicate significance at p < 0.05. .......................................................................................... 23 
Table 1.3: Aquatic invertebrates from gut contents of eight rainbow trout (Oncorhynchus mykiss) 
identified visually (Morphological ID), by DNA sequencing of individual heads (barcode 
sequence ID), or DNA sequencing of homogenized gut contents (next generation sequence 
ID). The lowest taxonomic classification determined for specimens within the different 
Orders are listed for each method – light shading for genus and species; dark shading for 
Order and Family. ................................................................................................................. 30 
Table 1.4: Aquatic invertebrates from gut contents of eight prickly sculpin (Cottus asper) 
identified visually (Morphological ID), by DNA sequencing of individual heads (barcode 
sequence ID), or DNA sequencing of homogenized gut contents (next generation sequence 
ID). The lowest taxonomic classification determined for specimens within the different 
Orders are listed for each method – light shading for genus and species; dark shading for 
Order and Family. ................................................................................................................. 33 
Table 2.1: List of primers used to amplify extracted DNA for next generation sequencing. The 
forward ZBJ forward primer (ZBJ-F) is from Zeale et al. (2011) and the reverse EPT primer 
(EPT-R) was specifically designed as a degenerate primer to amplify the COI gene for 
common aquatic invertebrates in central British Columbia. UniA and UniB sequences 
included within the ZBJ-F and EPT-R primers are shown in bold. Primer P1UniB was 
attached to the amplified product in the PCR2 step. ............................................................. 62 
Table 2.2: Reduction of environmental DNA reads from Chist Creek sequenced by Ion Torrent 
next generation sequencing and subjected to initial filtering parameters using USEARCH 
v.8.1 (Edgar 2010). Total sequences retained for each year and the corresponding percent of 
total raw sequences are shown. Samples were prepared in triplicate for fish stomach 
homogenates for C. aleuticus, O. mykiss and S. malma (n=20, 20, and 8 respectively), 
  v 
eDNA (n=12) and PresDNA preservative from Surber samples (n=12). Negative controls 
were removed from totals. .................................................................................................... 65 
Table 2.3: Number of taxonomic classifications detected and their levels of resolution from next 
generation sequencing analysis of all samples from 2014 and 2015 from Chist Creek that 
included the eDNA samples (n=12), PresDNA samples (n=12), and stomach homogenates 
from O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20). ........................................ 74 
Table 2.4: Number of unique Families, genera, and species observed from next generation 
sequencing analysis for the four most abundant Orders of aquatic invertebrates detected in 
2014 and 2015 from Chist Creek eDNA samples (n=12), PresDNA samples (n=12), and 
stomach homogenates from O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20). ... 77 
Table 2.5: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Ephemeroptera identified in Chist Creek eDNA samples (n=12), 
PresDNA samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. 
malma (DV; n=8) and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓). .... 77 
Table 2.6: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Plecoptera identified in Chist Creek eDNA samples (n=12), 
PresDNA samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. 
malma (DV; n=8) and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓). .... 78 
Table 2.7: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Trichoptera identified in Chist Creek eDNA samples (n=12), 
PresDNA samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. 
malma (DV; n=8) and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓). .... 78 
Table 2.8: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Diptera identified in Chist Creek eDNA samples (n=12), PresDNA 
samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. malma (DV; 
n=8) and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓). ......................... 79 
Table 2.9: Summary of next generation sequencing results indicating Families, genera and 
species from all other Orders identified in Chist Creek eDNA samples (n=12), PresDNA 
samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. malma (DV; 
n=8) and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓). ......................... 85 
  vi 
Table 2.10: Summary statistics for MRPP analysis of taxon composition between sample types 
and years from taxa identified in Chist Creek eDNA samples (n=12), PresDNA samples 
(n=12), and stomach homogenates (Fish) from O. mykiss (n=20), S. malma (n=8) and C. 
aleuticus (n=20). ................................................................................................................... 89 
Table 2.11: Summary statistics for MRPP pairwise comparisons of taxonomic composition 
between Chist Creek sample types - eDNA samples (n=12), PresDNA samples (n=12), and 
stomach homogenates (Fish) from O. mykiss (n=20), S. malma (n=8) and C. aleuticus 
(n=20). Bonnferoni correct p value = 0.017. ........................................................................ 89 
Table 2.12: Summary statistics for MRPP pairwise comparisons of taxonomic composition 
between Chist Creek fish species’ stomach homogenates - O. mykiss (RB; n=20), S. malma 
(DV; n=8) and C. aleuticus (CAL; n=20). Bonnferoni correct p value = 0.017. .................. 89 
Table 2.13: Summary statistics for MRPP pairwise comparisons of taxonomic composition 
between Chist Creek fish species’ stomach homogenates from 2014 and 2015 - O. mykiss 
(RB; n=20), S. malma (DV; n=8) and C. aleuticus (CAL; n=20). Bonnferoni correct p value 
= 0.005. ................................................................................................................................. 90 
Table 2.14: Summary statistics for MRPP pairwise comparisons of taxon composition between 
Chist Creek PresDNA samples (n=12) by sampling year and site. Bonnferoni correct p 
value = 0.00833. .................................................................................................................... 90 
Table 2.15: Summary statistics for MRPP pairwise comparisons of taxon composition between 
Chist Creek eDNA samples (n=12) by sampling year and site. Bonnferoni correct p value = 
0.00833.................................................................................................................................. 90 
Table 2.16: Indicator species analysis showing significant (p<0.05) indicator species from three 
combined sample types from Chist Creek - eDNA samples (n=12), PresDNA samples 
(n=12), and stomach homogenates (Fish) from O. mykiss (n=20), S. malma (n=8) and C. 
aleuticus (n=20). ................................................................................................................... 91 
Table A1.1: Average OTU richness of 10 rarefied OTU tables for rainbow trout (O. mykiss) and 
prickly sculpin (C. asper) stomach homogenate samples. Data was rarefied to 2045 
sequences. ........................................................................................................................... 125 
Table A1.2: Detection frequency of invertebrate genera in individual rainbow trout 
(Oncorhynchus mykiss; RB) stomach contents (n=16), using IT NGS of stomach 
homogenates and Sanger sequencing invertebrate fragments. ........................................... 126 
  vii 
Table A1.3: Detection frequency of invertebrate Orders in individual prickly sculpin (Cottus 
asper; CAS) stomach contents (n=16) using IT NGS of stomach homogenates and Sanger 
sequencing invertebrate fragments. .................................................................................... 127 
Table A1.4 Detection frequency of invertebrate Orders in individual rainbow trout 
(Oncorhynchus mykiss) stomach contents (n=16), using IT NGS of stomach homogenates 
and morphological analysis of invertebrate heads. ............................................................. 128 
Table A1.5 Detection frequency of invertebrate Orders in individual prickly sculpin (Cottus 
asper) stomach contents (n=16), using IT NGS of stomach homogenates and morphological 
analysis of invertebrate heads. ............................................................................................ 128 
Table A2.1: Average OTU richness and standard error of 10 rarefied OTU tables for 
environmental DNA samples from Chist Creek, B.C. in 2014 and 2015. Data was rarefied to 
1834 sequences. .................................................................................................................. 129 
Table A2.2: Average OTU richness and standard error of 10 rarefied OTU tables for Surber 
PresDNA preservative samples from Chist Creek, B.C. in 2014 and 2015. Data was rarefied 
to 3000 sequences. .............................................................................................................. 129 
Table A2.3: Average OTU richness and standard error of 10 rarefied OTU tables for coastrange 
sculpin (C. aleuticus), Dolly Varden (S. malma) and rainbow trout (O. mykiss) stomach 
homogenate samples collected from Chist Creek, B.C. in 2014. Data was rarefied to 4000 
sequences. ........................................................................................................................... 130 
Table A2.4: Average OTU richness and standard error of 10 rarefied OTU tables for coastrange 
sculpin (C. aleuticus), Dolly Varden (S. malma) and rainbow trout (O. mykiss) stomach 
homogenate samples collected from Chist Creek, B.C. in 2015. Data was rarefied to 4000 
sequences. ........................................................................................................................... 131 
Table A2.5: Indicator species analysis showing significant (p<0.05) indicator species for 
stomach homogenates of O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20) across 
two years of sampling from Chist Creek, BC. .................................................................... 132 
Table A2.6: Indicator species analysis showing significant (p<0.05) indicator species for the two 
years of environmental sampling from Chist Creek, BC. Taxa were collected from three 
samples types - eDNA samples (n=12), PresDNA samples (n=12), and stomach 
homogenates from O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20)................. 133 
  
  viii 
LIST OF FIGURES 
Figure 1.1: Ormond Creek, located in central British Columbia, with the 2013 sampling location 
indicated by a red dot. ........................................................................................................... 10 
Figure 1.2: Average proportional contribution of (A) count data and (B) biomass data for 
morphologically identified invertebrate Orders sampled from rainbow trout (Oncorhynchus 
mykiss) (n=8) and prickly sculpin (Cottus asper) (n=8) caught in Ormond Creek, BC. No 
regressions were available for adult Diptera, so they are not included in the calculations for 
Figure 1.2B. .......................................................................................................................... 22 
Figure 1.3: (A) Number of samples extracted for DNA (open bars) and successfully sequenced 
(closed bars) for rainbow trout (Oncorhynchus mykiss) (n=8) and prickly sculpin (Cottus 
asper) (n=8) using three primers which target the cytochrome oxidase subunit 1 region of 
the mitochondrial gene - EPT primer (157bp fragment); LCOI (650bp fragment) from 
Folmer et al. (1994); ZBJ (157bp fragment) from Zeale et al. (2011). (B) Proportional 
comparison of individual prey from O. mykiss and C. asper which produced a barcoding 
sequence that correctly matched their morphological identification (n=169). Orders which 
differ significantly by fish species are marked with *. ......................................................... 25 
Figure 1.4: The number of DNA samples successfully Sanger sequenced using three primers 
(n=169). DNA samples were of invertebrate prey items from rainbow trout (Oncorhynchus 
mykiss) (n=8) and prickly sculpin (Cottus asper) (n=8). Each primer targets the cytochrome 
oxidase subunit 1 region of the mitochondrial gene - EPT primer (157bp fragment); LCOI 
(650bp fragment) from Folmer et al. (1994); ZBJ (157bp fragment) from Zeale et al. (2011).
............................................................................................................................................... 26 
Figure 1.5: Non-metric multidimensional scaling (MDS) ordination of prey genera from rainbow 
trout (Oncorhynchus mykiss) (n=8) and prickly sculpin (Cottus asper) (n=8) obtained 
through Ion Torrent sequencing. ........................................................................................... 28 
Figure 1.6: Proportional taxonomic resolution of samples from stomach contents of rainbow 
trout (Oncorhynchus mykiss) and prickly sculpin (Cottus asper) determined visually by 
morphological analysis (n=419), barcode sequencing of individual prey (n=169), and Next 
Generation Sequences (NGS) from homogenized stomach contents. .................................. 35 
Figure 1.7: Detection of A) rainbow trout (Oncorhynchus mykiss) (n=8) and B) prickly sculpin 
(Cottus asper) (n=8) prey genera using Ion Torrent (IT NGS) and Sanger sequencing. 
  ix 
Genera found below the mid line represent greater detection using IT NGS and genera 
above the line represent greater detection using Sanger sequencing. Points representing 
multiple taxa (Appendix, Table A1.2 and Table A1.3) are labelled with the corresponding 
number of genera. ................................................................................................................. 36 
Figure 1.8: Detection of A) rainbow trout (Oncorhynchus mykiss) (n=8) and B) prickly sculpin 
(Cottus asper) (n=8) prey Orders using Ion Torrent NGS (IT NGS) and Morphological 
identification. Orders found below the mid line represent greater detection using IT NGS 
and Orders above the line represent greater detection using Morphological identification. 
Points representing multiple taxa (Appendix, Table A1.4 and Table A1.5) are labelled with 
the corresponding number of Orders. ................................................................................... 37 
Figure 1.9: Number of IT NGS sequences for each aquatic invertebrate prey Order as a function 
of their proportional contribution of count data (A) and mass data (B) from rainbow trout 
(Oncorhynchus mykiss – closed triangles) and prickly sculpin (Cottus asper – open 
triangles) caught in Ormond Creek, BC. Data are plotted as means ± standard error. ......... 38 
Figure 2.1: Map of the sampling locations (●) for eDNA, invertebrates and fish in Chist Creek in 
2014 and 2015. ...................................................................................................................... 53 
Figure 2.2: Chist Creek looking south at approximately our +200 site. Photograph was taken 
from the bridge at 3 km on the Upper Kitimat FSR. ............................................................ 53 
Figure 2.3: Species accumulation curves and 95% confidence intervals for samples collected in 
2014 and 2015 from Chist Creek: Stomach homogenates from C. aleuticus (n=20), S. 
malma (n=8) and O. mykiss (n=20), PresDNA samples (n=12) and eDNA samples (n=12).
............................................................................................................................................... 71 
Figure 2.4: Alpha diversity represented as the number of taxa detected in 2014 and 2015 from 
Chist Creek, B.C. fish stomach homogenates from C. aleuticus (n=20), S. malma (n=8) and 
O. mykiss (n=20), PresDNA samples (n=12) and eDNA samples (n=12). Grey dots indicate 
the number of taxa detected in individual samples and open circles indicate the average 
alpha diversity (±SE). ........................................................................................................... 72 
Figure 2.5: Beta diversity (Whittaker 1960) calculated for samples collected in 2014 and 2015 
from Chist Creek: Stomach homogenates from C. aleuticus (n=20), S. malma (n=8) and O. 
mykiss (n=20), PresDNA samples (n=12) and eDNA samples (n=12). The boxplots show 
the median, 25th and 75th percentiles and outliers. .............................................................. 73 
  x 
Figure 2.6: Venn diagrams depicting overlap in taxa observed in fish and environmental samples 
collected in 2014 and 2015 from Chist Creek, B.C. (A) from the three types of 
environmental samples from 2014 and 2015 – Fish stomach homogenates, eDNA and 
PresDNA (B) in the two sampling years – 2014 and 2015 (C) from each of the fish species – 
C. aleuticus (n=20), S. malma (n=8) and O. mykiss (n=20) (D) in 2014 from each of the fish 
species – C. aleuticus (n=10), S. malma (n=7) and O. mykiss (n=10), and (E) in 2015 from 
each of the fish species – C. aleuticus (n=10), S. malma (n=1) and O. mykiss (n=10). ....... 75 
Figure 2.7: The number of Operational Taxonomic Unit (OTU) sequences assigned to the level 
of genus (closed bars) and species (open bars) for the major Orders of aquatic invertebrates 
detected in 2014 and 2015 from Chist Creek fish stomach homogenates from C. aleuticus 
(n=20), S. malma (n=8) and O. mykiss (n=20), PresDNA samples (n=12), and eDNA 
samples (n=12). ..................................................................................................................... 80 
Figure 2.8: Non-metric multidimensional scaling (MDS) ordination of Chist Creek taxa 
identified through Ion Torrent next generation sequencing. Sequences detected in 2014 and 
2015 from stomach homogenates from C. aleuticus (n=20), S. malma (n=8) and O. mykiss 
(n=20), PresDNA samples (n=12), and eDNA samples (n=12). .......................................... 92 
Figure 2.9: Two-way cluster analysis of Chist Creek taxa (n=180) identified through Ion Torrent 
next generation sequencing. Sequences detected in 2014 and 2015 from stomach 
homogenates from C. aleuticus (n=20), S. malma (n=8) and O. mykiss (n=20), PresDNA 
samples (n=12), and eDNA samples (n=12). ........................................................................ 93 
Figure 2.10: Two-way cluster analysis of Chist Creek taxa (n=62) which were detected in >10% 
(8) of the samples identified through Ion Torrent next generation sequencing. Sequences 
detected in 2014 and 2015 from stomach homogenates from C. aleuticus (n=20), S. malma 
(n=8) and O. mykiss (n=20), PresDNA samples (n=12), and eDNA samples (n=12). ......... 94 
  
  xi 
ACKNOWLEDGEMENTS 
Thank you Dr. Mark Shrimpton and Dr. Dezene Huber for supervising me through this 
challenging and rewarding opportunity. I remain surprised to see what I have achieved and I do 
not need to look any further than the two of you for the reason. And thank you Dr. Daniel 
Erasmus for dedicating your time and knowledge while on my graduate committee and to my 
external examiner Dr. Nikolaus Gantner. 
Mark, you have been a mentor while I progressed through my undergraduate and 
graduate studies. I have also been a witness to your deep love for your family that I hope to 
emulate into mine. Spending time with you and learning from you in the field, laboratory and 
while attending conferences together were all very memorable experiences to me.  
I am thankful for everyone who initiated and managed the Biodiversity Monitoring and 
Assessment Program and for the funding provided to me. Thank you to Angela Grob, Dr. 
Aynsley Thielman, Dr. Jeanne Robert, and Dr. Marla Schwarzfeld for the years of dedication and 
help. Thank you to Kacie Young and Charles Bradshaw for all your contributions from 
development to sample preparation. And thank you to Rick Elsner and Daemon Cline for your 
field support and to Dr. Nicole Sukdeo for lending your ear and your vast knowledge on 
everything from statistics to laboratory work. 
Having spent seven years at UNBC I have been fortunate to work with many of the staff 
and faculty, all who have contributed positively to my education. Dr. Michael Gillingham, thank 
you for your mentorship throughout the years while involved with the UNBC Student Chapter of 
The Wildlife Society. This was where my excitement for research began and I do not believe I 
would be where I am without that.  
Mrs. Anne-Marie Flores, nothing I can say will capture how grateful I am for you. You 
weren’t just a joy to work with in the field, lab and office with your positive attitude and 
persistence, but your ability to teach me everything I now know in the laboratory was amazing. 
Lastly, I am very grateful for my wife, Chelsea Halvorson, and her continued support and 
encouragement. You have gone beyond the vows you promised eight years ago. This is an 
achievement for us both as we endured the stress and persisted through the challenges of full-
time work and the birth of our daughter, Malin Ruth. 
  1 
PROLOGUE 
Food webs are a simple concept which link organisms through interactions, and provide 
information on predator-prey relationships, population dynamics, and nutrient and energy flow 
within ecosystems (Paine 1980b). However, they are extremely complex to describe and often 
result in limited focus on a subset of interactions. This is further complicated when developing 
food webs for generalist species, as they consume such a broad range of prey (Pompanon et al. 
2012; Piñol et al. 2014). The difficulty is often related to the ability to accurately and inclusively 
identify all prey of an individual or population. Many salmonids and other small stream 
inhabiting fish are generalist feeders which rely on invertebrates as their primary food source 
(McPhail 2007). Identification of these invertebrates can be very difficult and the problem is 
magnified following ingestion.  
Diet analysis of fish has traditionally relied on stomach analysis and morphological 
identification of the contents (Carreon-Martinez et al. 2011). This is accomplished by describing 
key physical features and characteristics of a specimen to assign a taxon at the lowest level 
possible. As the diet of stream inhabiting fish is largely comprised of invertebrates their accurate 
and effective identification is necessary to understand these food web linkages. Aquatic 
invertebrate identification, however, is typically limited to Order without expertise, with genus 
or species level classifications being unrealistic. Once consumed, digestion begins to deteriorate 
prey, creating an even greater challenge as key distinguishing features, such as wings and gills 
rapidly degrade. Further, a substantial portion of aquatic invertebrates lack chitinized structures, 
consequently soft bodied organisms degrade beyond detection very quickly. 
Identifying the taxonomic composition, or community structure, of a given habitat can be 
a simple ecological exercise to instigate. These investigations of an ecological community can be 
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easily applied by observation and provide instant verifiable results with little investment, 
however the ease of the process is related to the target organisms (capturability and how 
classifiable) and their ecosystem (navigability, sightability, accessibility, etc.). Lotic systems 
maintain unique characteristics which make effective organismal sampling challenging. They 
can be difficult for humans to traverse and visualizing target organisms is unreliable and often 
not possible. Compounding this difficulty are the cryptic lifestyles exhibited by many of the 
creatures living in there. Small fish and aquatic invertebrates are often camouflaged and hide 
very quickly and effectively, meaning sampling methods must target specific habitats and 
capture the animals directly. Many of these approaches have been adapted to perform very well 
in capture success, but rare species or those with seasonal movements may not be detected. 
Combining the challenge of invertebrate taxonomic identification with sampling inefficiencies 
makes accurate and representative aquatic invertebrate surveying and description uncommon.  
Next Generation Sequencing (NGS) has recently become a substantially useful tool for 
ecological studies (Taberlet et al. 2012). Having been developed for human genomic research, 
the application of NGS has become more common, and over time efficiencies have increased and 
costs have been reduced. This has resulted in expanded use to fields well beyond the original 
scope. The inclusion of NGS in ecology has greatly increased the efficacy of DNA barcoding 
which is premised on sequencing a standardized region of the cytochrome c oxidase subunit 1 
gene (COI) then comparing with online databases of known sequences (Hebert et al. 2003). 
These databases are publicly populated and accessible and have become valuable and essential 
resource in a variety of environmental sampling protocols. Over the years the databases have 
continued to grow and their taxonomic coverage has broadened, increasing their applicability to 
new areas and helping answer novel questions.  
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NGS technology can now be applied to examine environmental DNA (eDNA) through DNA 
barcoding, which promises to change the type and amount of biodiversity data that can be 
collected. eDNA is DNA which is extracted from an environmental sample. Generally found at 
low concentrations, eDNA can degrade fairly rapidly when exposed to UV light and increased 
temperatures, but has been found to persist at detectable levels for over two weeks (Pilliod et al. 
2013). eDNA analyses can be applied to isolate DNA from soil to determine the diversity of 
vertebrate communities (Andersen et al. 2011), to monitor for the presence of invasive or 
sensitive species in aquatic systems (Thomsen et al. 2012b; Valentini et al. 2016), to analyse 
fecal samples in assessing mammalian diet (Deagle et al. 2013), or to identify marine fish 
communities (Thomsen et al. 2012a). This new, technologically enabled field of ecology 
continues to grow in terms of novel applications, which is leading to the development of new 
research questions. 
DNA barcoding is useful in the study of fish diet, where gaps in taxonomic prey 
identification exist and assessments are often incomplete due to partial digestion leading to 
difficultly with identification. While morphological identification of prey can give information 
on prey abundance, relative proportion, and biomass, DNA barcoding can help to describe all the 
complex linkages between predators and their prey by detecting animals which cannot be 
visually observed and by increasing taxonomic resolution beyond a non-expert’s ability. 
Assessments of fish diet which use DNA barcoding to identify prey and prey availability could 
broaden our current understanding of fish feeding and their community as a whole. While gaps in 
prey composition can begin to be filled in with more detailed information the scope of research 
can shift to the ecology of fish, such as shifts in diet over time, effects of competition on prey 
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consumption, impacts of natural or anthropogenic disturbances on diet, or whether fish diet is 
consistent for a species across streams.  
In my thesis research, I analysed fish diet and assessed the use of NGS to better 
understand complex linkages between predators and prey. Initially, I used NGS to assess diets in 
rainbow trout (Oncorhynchus mykiss) and prickly sculpin (Cottus asper) by comparing NGS 
results with morphological identification and individual sequencing of prey items. In that work I 
identified the strengths and gaps that currently exist in the use of NGS for diet analysis. NGS 
was then applied to identify the invertebrate prey availability within a coastal British Columbia 
stream through analysis of water samples and ethanol preservative from Surber samples. These 
data were used to understand diet in rainbow trout, Dolly Varden (Salvelinus malma) and 
coastrange sculpin (C. aleuticus) from the same stream in relation to available prey. NGS was 
applied to build a comprehensive description of fish diet and prey composition within a study 
stream. 
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CHAPTER 1  
Determining diets for fish from a small interior British Columbia stream: a comparison of 
morphological and genetic approaches 
ABSTRACT 
Freshwater systems in central British Columbia are increasingly impacted by large-scale 
development. It is therefore essential that stream ecology be assessed and monitored to best 
predict cumulative impacts on aquatic communities. I compared three methods of fish diet 
assessment - traditional taxonomy, sequencing of individual specimens and next generation 
sequencing of homogenized stomach contents. I analysed rainbow trout (Oncorhynchus mykiss) 
and prickly sculpin (Cottus asper) from a central British Columbia stream. Prey analysis of 
invertebrates by morphological identification resulted in Order-level classifications and produced 
count and biomass data. Both fish species exhibited generalist feeding characteristics, however 
terrestrial invertebrates were a large prey component for rainbow trout. Genetic analyses of 
ingested prey provided greater taxonomic resolution, but next generation sequencing of 
homogenized stomach contents revealed much more prey diversity in the diets of both fish 
species. This result was possible due to the development of a new reverse primer for aquatic 
invertebrates, which enhanced detection of prey that were degraded beyond visual recognition. 
This study demonstrates an efficient approach for both prey analysis and biodiversity assessment 
using molecular techniques that complement traditional taxonomy. Ecologically relevant data, 
such as count and mass of prey items, was obtained using taxonomic assessment and could not 
be collected through genetic analysis alone. 
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INTRODUCTION 
Large-scale development is continuing to impact the freshwater systems in central British 
Columbia in the form of hydroelectric power, resource extraction, and pipeline and road 
construction. On its own, the development of a single project may have limited effects on 
adjacent waterbodies, however exposure to multiple developments can generate additive effects 
(Reid 1998). Although <1% of the water on Earth is freshwater, that habitat is believed to be 
home to approximately 10% of all described species (Dudgeon et al. 2006). This disparity 
suggests freshwater environments should be a focal point of conservation biodiversity. 
Headwater streams are recipients of large amounts of allochthonous inputs, which are processed 
and help sustain varying aquatic communities throughout larger downstream watercourses 
(Vannote et al. 1980). Development in and surrounding small streams typically requires removal 
of riparian vegetation and frequent excavation of the channel bed. Such construction does not 
only affect the organic inputs to the stream, but also causes increased sedimentation. Both 
processes potentially harm aquatic organisms (Lévesque and Dubé 2007). With an increasing 
level of industrial development in central British Columbia, it is essential that stream ecology be 
assessed and monitored to best predict and analyse cumulative impacts on aquatic communities. 
Trophic interactions have been a primary focus in ecology and monitoring efforts as 
community- and species-level relationships can illuminate nutrient and energy fluctuations and 
competitive associations (Carreon-Martinez and Heath 2010; Woodward et al. 2010). Predator-
prey interactions also play an important role in these competitive associations and understanding 
them is essential to describe relationships between communities and their environment (Reiriz et 
al. 1998; Nakano et al. 1999b; Symondson 2002; Sheppard and Harwood 2005). Diet analysis is 
complex and influenced by many factors, such as prey type, digestion rate, identification 
accuracy, and spatial and temporal factors, which contribute to the contents within the stomach 
  7 
of predators. Similarly, data on fish diet can be used to describe many ecological processes, such 
as prey selection, niche partitioning, competition, and nutrient and energy flow. 
Traditional fish prey analysis has relied on morphological identification of stomach 
contents (Nakano et al. 1999a; Merz 2002; Carreon-Martinez et al. 2011). This approach 
provides data on prey abundance, relative proportion of prey types and biomass (Smock 1980), 
but can also sometimes describe qualitative aspects such as prey life stage, colour, and predatory 
behaviour (Kislalioglu and Gibson 1976; Utne-Palm 1999). Morphological identification can be 
labour-intensive and introduce observational bias. In particular, the data are biased towards 
organisms with identifiable hard structures, whereas more soft-bodied or quickly digested 
organisms are overlooked (Symondson 2002; Carreon-Martinez et al. 2011; Pompanon et al. 
2012). As well, for insectivorous predators, data are further limited by the challenging taxonomy 
of the prey taxa using degraded specimens. Even when prey specimens are complete, many 
invertebrate taxa, such as those within Chironomidae and other taxa within Diptera cannot be 
identified below the Family level without high-level expertise (Kerans and Karr 1994).  
DNA barcoding is a taxonomic approach in which a standardized region of the 
cytochrome C oxidase subunit I (COI) gene is sequenced and compared to online databases 
(Hebert et al. 2003). Barcoding has successfully been used for a variety of freshwater 
invertebrates, greatly increasing taxonomic resolution and allows identification of a much larger 
number of species in a sample (Zhou et al. 2010; Sweeney et al. 2011; Jackson et al. 2014; Stein 
et al. 2014). DNA barcoding has also been useful in the analysis of diet, where greater resolution 
may be obtained (Deagle et al. 2013; De Barba et al. 2014). DNA barcoding can allow for 
identification of even highly degraded prey items (Sheppard and Harwood 2005; Pompanon et al. 
2012). More recently, the field of metabarcoding has taken advantage of the increasing capacity 
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and decreasing cost of next generation sequencing (NGS) technologies to develop protocols for 
sequencing entire communities at once (Taberlet et al. 2012; Ji et al. 2013; Cristescu 2014). 
These technologies have rapidly been adopted in diet studies, as they are cost-effective and can 
provide a more complete list of prey items than can be obtained through morphological 
identifications (Pompanon et al. 2012; Quéméré et al. 2013; De Barba et al. 2014; Lopes et al. 
2015). Despite the advantages of this approach, many issues remain that need to be tested, such 
as data biases due to PCR taxonomic bias (Deagle et al. 2014; Elbrecht and Leese 2015; 
Brandon-Mong et al. 2015) and whether quantitative data, rather than presence-absence data, can 
be obtained (Deagle et al. 2013; Pawluczyk et al. 2015). 
My objective was to examine the effectiveness and the ability of NGS DNA barcoding of 
homogenized stomach content samples to describe the diet of several fish species from a stream 
in central British Columbia. I accomplished this by comparing NGS of homogenized stomach 
samples with two common methods to identify fish prey: morphological identification and 
individual prey DNA barcoding. I removed prey from each fish and morphologically identified 
them, then isolated each prey specimen and sequenced its DNA barcode region. I homogenized 
the remaining stomach contents into a single sample, representing an individual fish, and isolated 
the DNA and had it sequenced on an Ion Torrent NGS platform. With the sequencing data I 
compared prey diversity, abundance and taxonomic resolution obtained by each of the three 
methods.  
METHODS AND MATERIALS 
Ormond Creek is a 51.6 km long, fourth-order stream that drains into Fraser Lake in central 
British Columbia (British Columbia Ministry of Environment 2013; Figure 1.1). It was selected 
because of the comparative abundance and diversity of fish species; for many of the other 
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streams in the region only O. mykiss were captured (Flores et al. 2016). Fish were collected on 
20 September 2013 from a 278 m section of Ormond Creek (10U 385848 5995678) using a 
backpack electrofishing unit (Model LR-24, Smith-Root Inc., Vancouver, WA, USA; British 
Columbia Ministry of Forests, Lands and Natural Resource Operations permit PG13-88859 and 
Fisheries and Oceans Canada licence XR 262 2013, APPENDIX 2). University of Northern 
British Columbia Animal Care and use Committee approved all fish capture and sampling 
procedures (protocol 2013-08). Fish were anesthetized using 200 mg · L-1 MS-222 (tricaine 
methanesulfonate) buffered with 400 mg · L-1 sodium bicarbonate then measured for length to 
the nearest mm and weight to the nearest 0.1 g. A total of 47 fish were sampled from Ormond 
Creek, 23 O. mykiss and 21 C. asper, 2 Lota lota, and 1 Richardonius balteatus. Fish were 
preserved in 95% ethanol and stored at –20 °C until further processing. 
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Figure 1.1: Ormond Creek, located in central British Columbia, with the 2013 sampling location 
indicated by a red dot. 
 
Morphological Identification of Prey Items 
I used 16 fish for diet analysis - eight rainbow trout (Oncorhynchus mykiss) and eight prickly 
sculpin (Cottus asper). Using sterile techniques, I removed the gastrointestinal (GI) tract from 
each fish and weighed them to the nearest 0.1 g. Subsequently, I opened the GI tracts with clean 
scalpel and forceps, and to avoid scraping cells from the predator stomach lining, I flushed items 
using 95% ethanol or physically removed them with tweezers and placed them into a sterile petri 
dish.  
I sorted the stomach contents by focusing on isolating and identifying invertebrate heads, 
as this standardized the quantification for the presence of prey. Using a dissecting microscope 
with an ocular micrometer, I identified the heads based on morphology to the lowest possible 
taxonomic level, usually Order, using the keys in Clifford (1991). I measured and photographed 
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each head, and individually stored them in a 96-well plate with 95% ethanol at –20 °C. I 
combined all remaining invertebrate prey matter from the GI tract of an individual fish into a 15 
ml tube to create a bulk DNA stomach sample that I used for next generation sequencing.  
Analysis 
I calculated the complete biomass for individual invertebrates using head width measurements 
and published head width/biomass regressions for each of the Orders (Smock 1980), excluding 
adult dipterans as published regressions were not available. I determined the total biomass of 
each Order for every fish and standardized for the total fish weight, then calculated the average 
biomass for each Order for each fish species. I used a two-way analysis of variance (ANOVA) to 
compare fish species, invertebrate Order, and the interaction of fish species by Order using 
invertebrate count and biomass data exclusively (PAST v.3.14). When effects were significant, I 
ran a Tukey’s post-hoc test to identify differences among treatment groups (α = 0.05). 
Sanger Sequencing of Individual Prey Items   
I isolated a total of 419 invertebrates for DNA analysis from the 16 fish stomachs. DNA 
extractions were conducted using the DNeasy Blood and Tissue Kit spin-column protocol 
(Qiagen, Toronto, ON, Canada, Catalog No. 69506). To avoid contamination, all extractions 
were performed in a room dedicated to low-quality DNA sources. No DNA samples from other 
species were handled in this room and separate lab coats, pipets, pipette filter tips and laboratory 
equipment were used to perform the extractions at that location. Additionally, all equipment was 
first sterilized using a 10% bleach solution and surfaces were exposed to UV light for a 
minimum of 15 min. To monitor for contamination, a negative control was included for each set 
of DNA extractions.  
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Invertebrate specimens that were stored in 96-well plates were removed and air-dried for 
approximately two minutes to remove residual ethanol. Once the ethanol evaporated, each 
specimen was placed into the appropriate well of a new sterile genogrinder 96-well block plate 
that contained 180 µl Buffer ATL and 20 µl Proteinase K. Two 5/32’’ steel grinding beads (Ops 
Diagnostics, Lebanon, NJ, USA, Catalog No. GBSS 156-5000-01) were added to each well and 
shaken for one minute in the Genogrinder 2000 (BT&C Inc., Burlington, ON) at 1000 
oscillations · min–1. Samples were then incubated at 56 °C for 2 h allowing complete lysis of the 
tissue. After incubation, samples were centrifuged for 5 minutes at 20 000 g and transferred into 
new sterile 1.5 ml microfuge tubes. Hereafter, the samples were subjected to DNA extraction 
using Qiagen DNeasy Blood and Tissue Kit (manufacturer’s protocol), with the modification of 
using 2 x 75 µl AE buffer for each sample for the final elution step.   
To genetically identify the invertebrate heads, the standard COI barcoding region was 
amplified using up to three primer sets (Table 1.1). The first set of primers was designed by 
Zeale et al. (2011), and produced a 157-bp amplicon of the COI region for a broad range of 
arthropod taxa. Samples were amplified in 10 µl reaction volumes using the Qiagen Multiplex 
PCR kit (Toronto, ON, Canada, Catalog No. 206143). Each 10 µl PCR reaction contained 5 µl 
Multiplex MasterMix (Qiagen Multiplex PCR kit - Toronto, ON, Canada, Catalog No. 206143), 
0.2 µl forward primer (10 µM), 0.2 µl reverse primer (10 µM), 1.6 µl of nuclease-free water and 
3 µl of extracted DNA. Samples were amplified at 95 °C for 15 min, 39 cycles of 94 °C for 30s, 
52 °C for 60s and 72 °C for 90 s, followed by a final extension at 72 °C for 10 min. PCR 
products were visualized on 2% TBE agarose gels stained with ethidium bromide to verify the 
presence of a band at the expected size. 
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When amplification failed, the full-length COI barcoding region was amplified using 
LCO1490/HC02198 primers (Folmer et al. 1994). Each 35 µl PCR reaction contained 17.8 µl 
Multiplex MasterMix, 0.5 µl forward primer (10 µM), 0.5 µl reverse primer (10 µM) and 16.2 µl 
combined of nuclease-free water and 20 ng extracted DNA – DNA volume varied by sample 
based on concentration. The thermocycling parameters were 95 °C for 15 min, 35 cycles of 
94 °C for 60s, 55 °C for 60s and 72 °C for 90 s, followed by a final extension at 72 °C for 7 min. 
PCR products were visualized on 2% TBE agarose gels stained with ethidium bromide to verify 
the presence of a band at the expected size. 
If amplification failed with the first two sets of primers, samples were amplified using a 
modified version of the general invertebrate COI primers published by Zeale et al. (2011). 
Because these primers were designed to capture a broad range of arthropod taxa, an additional 
reverse primer was designed to target the specific Orders found in our study streams, including 
Ephemeroptera, Plecoptera, Trichoptera, and Diptera (AC Thielman, unpublished data). These 
primers targeted the same 157 bp amplicon located within the COI barcode region and were 
designed by aligning sequences from 12 dominant Families from four Orders (Baetidae, 
Ephemerellidae, Heptageniidae, Perlodidae, Chloroperlidae, Nemouridae, Rhyacophilidae, 
Hydropsychidae, Glossosomatidae, Simuliidae, Tipulidae, and Psychodidae) and manually 
selecting bases in the ZBJ-ArtR2c primer-binding region that were more similar to the sequences 
of the dominant stream taxa.  
Samples were amplified as described for the LCO1490/HC02198 primers with the 
following thermal cycling conditions: 95 °C for 15 min, 39 cycles of 94 °C for 30s, 52 °C for 60s 
and 72 °C for 90 s, followed by a final extension at 72 °C for 10 min. PCR products were 
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visualized on 2% TBE agarose gels stained with ethidium bromide to verify the presence of a 
band at the expected size. 
Negative extraction and PCR controls were included for each primer set and did not 
reveal any contamination. Samples which produced amplicons of the desired size were purified 
using Agencourt AMPure XP purification beads (Beckman and Coulter, Mississauga, ON, 
Catalog No. A63881) and the concentration of the purified PCR product was quantified using a 
QUBIT® 2.0 Fluorometer (dsDNA HS Assay, Life Technologies, Burlington, ON, Canada, 
Catalog No. Q32854). 
All PCR products were sequenced in the forward direction on an ABI 3130xl genetic 
analyzer (Burlington, ON). Sequences were visualized on CLC Main Workbench 7.6 and edited 
if ambiguous bases were discernible through chromatogram interpretation. To assign taxa all 
sequences were compared with publicly available databases GenBank (Benson et al. 2007) and 
Biodiversity of Life Database (BOLD) version 3 (Ratnasingham and Hebert 2007). 
Similarities >95% were considered to be adequate for taxonomic assignment and taxa were 
assessed to the lowest corresponding rank. When multiple taxa met this threshold, the rank which 
was common among them was assigned. 
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Table 1.1: Primers used to amplify extracted DNA from individual invertebrate samples and for 
next generation sequencing of stomach homogenates on an Ion Torrent platform. UniA and UniB 
sequences included within Zeale et al. (2011) and EPT primers are shown in bold. 
Source Primer Sequence (5’ to 3’) 
Amplicon 
Size 
ZBJ 
UniA_ZBJ-
ArtF1c 
ACCTGCCTGCCGAGATATTGGAACWTTATATTTTATTTTTGG 
235 bp 
UniB_ZBJ-
ArtR2c 
ACGCCACCGAGCWACTAATCAATTWCCAAATCCTCC 
EPT 
UniA_ZBJ-
ArtF1c 
ACCTGCCTGCCGAGATATTGGAACWTTATATTTTATTTTTGG 
235 bp 
UniB_ZBJ-
EPTD4d 
ACGCCACCGAGCACTAAYCARTTNCCRAAHCCHCC 
LCO/HC0 LCO1490 GGTCAACAAATCATAAAGATATTGG 
710 bp 
 HC02198 TAAACTTCAGGGTGACCAAAAAATCA 
PCR2 for 
Ion Torrent 
P1UniB CCTCTCTATGGGCAGTCGGTGATACGCCACCGAGC  
 
Next generation Sequencing of Homogenized Stomach Samples 
The bulk stomach contents removed from the eight O. mykiss and eight C. asper were used for 
NGS analysis and were completed on two separate Ion Torrent sequencing runs. To avoid 
contamination, all extractions were performed in a room dedicated to low-quality DNA sources. 
Lab coats, pipets, pipette filter tips and laboratory equipment used to perform all extractions 
were dedicated to this room only. Additionally, all equipment was first sterilized using a 10% 
bleach solution and exposed to UV light on all surfaces for a minimum of 15 min. To monitor for 
contamination a negative control was included for each set of stomach content DNA extractions 
– no contamination was revealed.  
Stomach samples were centrifuged for 1 min at 20,000 x g (14,000 rpm) with excess 
ethanol being decanted and the stomach contents transferred into sterile 2 ml centrifuge tubes. 
Two 5/32’’ steel grinding beads were added to each 2 ml tube and shaken in the Genogrinder 
2000 for 5 min at 1500 oscillations · min–1. Grinding beads were removed with sterile forceps 
and approximately 200 µl of homogenized contents were transferred into sterile 1.5 ml 
centrifuge tube. Tubes were left open overnight at room temperature for residual ethanol to 
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evaporate. Hereafter the stomach content samples were subjected to a classical DNA extraction 
using the Qiagen DNeasy Blood and Tissue Kit (spin-column protocol), with the slight 
modification of using 2 x 75 µl AE buffer for the final elution step. DNA concentration of each 
bulk sample was quantified using a QUBIT® 2.0 Fluorometer (dsDNA HS Assay) and stored at 
–20 °C until PCR amplification. 
Stomach homogenate samples were prepared for unidirectional sequencing on a PGM Ion 
Torrent Sequencer (Burlington, ON) using a two-step PCR amplification method that 
incorporates fusion primers designed at the University of Windsor, ON, Canada (D. Heath, pers. 
comm.). Two tailed-end sequences, UniA and UniB, were added to the end of primer sequences 
used in the current study - UniA onto the forward primer, ZBJ F, and UniB onto the reverse 
primer, EPT R (Table 1.1) – so that final amplicons contained both UniA and UniB. The UniA 
sequence was needed in the second PCR step to incorporate a IonA adaptor and a unique 10-base 
pair sequence, which was used to distinguish individual samples during analysis. The P1 adaptor 
bound to the UniB sequence and was required for correct attachment of prepared amplicons to 
the Ion Spheres, which rest in the wells of the semi-conductor chip and the IonA adaptor the 
priming site for the sequencing reaction on the Ion Torrent chip (D. Heath, pers. comm.).  
For the first PCR amplification (PCR1), the target 157 bp COI sequences (plus UniA and 
UniB adaptor sequences) were amplified in 35 µl reaction volumes in triplicate using a Qiagen 
Multiplex PCR kit (Toronto, ON, Canada, Catalog No. 206143). PCR reactions from the first 
sequencing run were in a 35 µl volume and contained 17.8 µl Multiplex MasterMix, 0.7 µl 
UniA-tailed ZBJ forward primer (10 µM), 0.7 µl UniB-tailed EPT reverse primer (10 µM) and 
15.8 µl combined of nuclease-free water and 20 ng extracted DNA. Samples from the second 
sequencing run were modified and contained 0.5 µl UniA-tailed ZBJ forward primer (10 µM), 
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0.5 µl UniB-tailed EPT reverse primer (10 µM) and 16.2 µl combined of nuclease-free water and 
20 ng extracted DNA. Also included were negative extraction and PCR controls. 
PCR reactions were amplified at 95 °C for 15 min, 30 cycles of 94 °C for 30 s, 46 °C for 
60 s and 72 °C for 60 s, followed by a final extension at 72 °C for 10 min. PCR products were 
visualized on 2% TBE agarose gels stained with ethidium bromide to verify the presence of a 
single 235 bp band. PCR1 products were purified using Agencourt AMPure XP purification 
beads (Beckman and Coulter, Mississauga, ON, Catalog No. A63881) and the resulting DNA 
concentrations were quantified using a QUBIT® 2.0 Fluorometer (dsDNA HS Assay).  
The second PCR amplifications (PCR2) were reactions in a 22.5 µl volume that 
contained 3.6 µl 10x Reaction Buffer, 1.5 µl MgCl2 (50 mM), and 0.15 µl Platinum Taq 
polymerase (5 U/ µl) (all from Invitrogen, Burlington, ON, Catalog No. 1096634), 0.75 µl 
dNTPs mix (10 mM) (New England Biolabs, Ipswich, Massachusetts, Catalog No. N0446s), 0.75 
µl IonA-UniA primer (10 µM) (IDT Technologies), and 0.75 µl P1-UniB primer (10 µM) (IDT 
Technologies). The amount of purified PCR1 product added to the reaction varied depending on 
concentration for a total mass of 30-50 ng of purified PCR1 product per reaction in the first Ion 
Torrent run and 20-30 ng in the second Ion Torrent run with the volume of nuclease-free water 
adjusted to a combined volume of 15 µl per run. PCR2 reactions were amplified at 94 °C for 2 
min, 5 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 60 s, followed by a final extension 
at 72 °C for 5 min. A subset of samples were confirmed using Experion DNA 1K Analysis kit 
(Bio-Rad, Mississauga, ON, Catalog No. 7007107) to verify that the barcodes attached correctly 
to the PCR1 amplicons. The triplicates of each sample were then pooled (~60 µl), purified with 
Agencourt AMPure XP purification beads, and quantified using QUBIT® 2.0 Fluorometer 
(dsDNA HS Assay).  
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Samples were normalized by pooling equimolar ratios of each, including approximately 5 
µl of each negative control which had DNA concentrations too low to be read by QUBIT® 2.0 
Fluorometer (or significantly lower than that of stomach samples). Two 40 µl aliquots of the 
final normalized COI amplicon library (all samples and positive/negatives controls) were then 
run on 1.5% TAE agarose gels stained with ethidium bromide at: ~200 V for 1.5 h for Ion 
Torrent run 1 and 100 V for 10 min then 150 V for 1 h 50 min for Ion Torrent run 2. Run time 
was increased while using a low voltage at this step to allow for sufficient separation of the 295 
bp bands (amplicons plus all required adaptor sequences) from those containing amplicons with 
only one adaptor sequence attached (255 and 275 bp). The 295 bp fragment was extracted from 
the gel by visualizing the bands on a UV-light box using a clean, sterile scalpel and the DNA 
purified using Qiagen MinElute Gel Extraction Kits (Toronto, ON, Canada, Catalog No. 28606). 
The purified DNA was analysed using the Experion DNA 1K Analysis Kit to verify successful 
excision of the correct band from the gel and to determine the concentration of the resulting COI 
amplicon library for submission to the Great Lakes Institute for Environmental Research 
(GLIER) Lab at the University of Windsor, Ontario where they were sequenced using a PGM 
Ion Torrent Sequencer using an Ion Torrent 318 chip. 
Next generation sequencing data analyses 
Two Ion Torrent (IT) runs produced 1,116,665 raw reads from the 48 fish stomach homogenate 
samples and 21 negative controls. Sequence cleaning and clustering into operational taxonomic 
units (OTUs) was performed using USEARCH v.8.1 (Edgar 2010). Primers were removed and 
barcodes relabelled from reads of each sequencing run fastq file, then the two were concatenated 
for subsequent analysis. Sequences were truncated to 157 bp to align with the target region of 
COI and filtered to an expected error threshold of 0.4, which retained 318 521 reads. The 
expected error value is the sum of each base pair quality score of a read, indicating a probability 
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that a nucleotide was incorrectly assigned within that read. The reads were dereplicated and 
chimeras discarded from the sequence data set using the UPARSE algorithm (Edgar 2013). 
Using the cluster_otus command of UPARSE, each quality filtered read was compared to 
representative sequences for each OTU and binned using a 97% identity threshold. Combined 
with the embedded sample name all reads contained sufficient information for the creation of an 
OTU table containing 270 OTUs and 314 363 sequences – 309 279 from the 48 fish samples and 
5 084 from the 21 negative controls. 
To reduce uncertainty associated with unequal sequencing depths between each of the IT 
runs, data was rarefied 10 times to the read count of the least abundant sample, 2045 sequences 
(Appendix, Table A1.1), using the GUnifrac (Chen 2012) package in R, version 3.2.2 (R Core 
Team 2013). This eliminated one PCR replicate sample from two fish as the total read count in 
each was too low and resulted in a total of 93 994 sequences and 236 OTUs. Using PCR 
replicates as indicators of reliable OTU detection, OTUs for a fish were removed if they were 
present in a single replicate only. OTUs present in at least two replicates of an individual fish 
were retained and sequence counts were evaluated using the average read of the replicates. By 
eliminating OTUs which were present in only a single replicate of a given fish, the total number 
of OTUs was reduced to 132 and read count to 32 004. 
Taxonomic Assignment of OTUs 
A blastn search (default parameters; (Altschul et al. 1997) was conducted for representative 
sequences of each OTU. Alignment results were saved as a text file and imported into MEGAN 
v.6.5.8 (Huson et al. 2016) where sequences with ≥97% match were exported at both the lowest 
taxonomic level and at the genus level. Taxa verification was conducted by comparing all 
representative sequences to the Biodiversity of Life Database (BOLD) version 3 (Ratnasingham 
and Hebert 2007) with similarities ≥97% considered to be successful for species identification. 
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OTUs which were assigned identical taxa were combined with their read counts being summed 
and those which did not produce a single result (no hit) or were not ≥97% (not assigned) were 
omitted from further analysis. A total of 43 unique genus and species level assignments were 
successfully made contributing to 194 individual taxonomic detections within the 16 fish. One 
OTU resulted in a no hit and 23 OTUs were not assigned. 
Statistical Analysis 
Taxa were condensed at the genus level for statistical analysis, with read counts for OTUs of 
identical genera being combined then transformed to presence/absence. Non-metric 
multidimensional scaling (MDS) was performed to compare the composition of ingested prey 
inventories between different fish using PC-Ord v.6.08 (McCune and Mefford 2011). MDS is a 
rank-based ordination, meaning that although distances between sample units are calculated, the 
distance matrix is converted to a system that ranks the samples based on their dissimilarity 
(Minchin 1987). The ranked data were used as the target order while iteratively reassessing 
samples to achieve the same rank. The result was plotted with an optimal dimensionality to limit 
stress – a measure of monotonicity in the dissimilarity of the original space and the reduced final 
dimensionality space (McCune and Mefford 2011). MDS was first run applying default 
parameters on autopilot mode (slow and thorough) with Sorensen distance measure and without 
penalizing ties. This approach created a three-dimensional solution which was accepted, as the 
reduction in stress was minimal with additional dimensions. The MDS was then rerun with the 
proper dimensionality, 1 run with real data, no step down in dimensionality, and the starting 
coordinates referenced from the appropriate .GPH file created during the initial run. 
Permutational analysis of variance (PerMANOVA) was used to test the difference between fish 
species based on diet.   
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RESULTS 
The average length and weight of the eight O. mykiss used for analysis was 8.0 ± 3.9 cm and 
9.1 g (range 1.3 - 38.5 g) and for the eight C. asper 7.2 ± 2.6 cm and 6.6 g (range 0.9 – 28.8 g), 
respectively. 
Morphological identification 
Morphological analysis was performed on 419 invertebrate prey from the GI tracts of eight O. 
mykiss (n=302) and eight C. asper (n=117). The average proportional contribution of count data 
for all fish combined at the Order level suggests O. mykiss feed mainly on Diptera (40%), 
Trichoptera (25%), Ephemeroptera (20%), and Plecoptera (7%), with the remaining 8% being 
categorized into seven additional invertebrate Orders. Approximately one third (34%) of the 
specimens identified in the diet of O. mykiss were terrestrial or adult aquatic invertebrates. Cottus 
asper diet consisted of similar Orders but mainly consisted of Ephemeroptera (46%) and 
Trichoptera (35%), with the remaining 19% consisting of Diptera (larvae) (13%) and Plecoptera 
(6%) (Figure 1.2A). Prey biomass estimates from O. mykiss show that Ephemeroptera (25%), 
Plecoptera (21%), Trichoptera (18%), Diptera (18%), and Hemiptera (18%) have similar 
contributions and total >99% of their diet. Cottus asper prey biomass estimates suggest their diet 
consists mainly of Ephemeroptera (73%), with Plecoptera and Trichoptera combining for 26% of 
the total biomass (Figure 1.2B). 
Diet composition varied significantly by invertebrate Order (p < 0.05) and fish species 
(p < 0.05), while there was no significant interaction between Order and fish species (p = 0.215). 
A significant difference was found between invertebrate Orders with Tukey’s post hoc test 
(Table 1.2). Analysis of biomass data also revealed significant differences in diet composition 
between Orders (p < 0.05), but no effects of fish species (p = 0.118) or interaction (p = 0.350) 
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were found. Post hoc analysis for biomass showed significant differences between invertebrate 
Orders (Table 1.2). 
 
 
Figure 1.2: Average proportional contribution of (A) count data and (B) biomass data for 
morphologically identified invertebrate Orders sampled from rainbow trout (Oncorhynchus 
mykiss) (n=8) and prickly sculpin (Cottus asper) (n=8) caught in Ormond Creek, BC. No 
regressions were available for adult Diptera, so they are not included in the calculations for 
Figure 1.2B. 
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Table 1.2 Tukey’s post hoc test for differences between morphologically identified invertebrate Orders using count (below diagonal) 
and biomass (above diagonal) prey data from rainbow trout (Oncorhynchus mykiss) and prickly sculpin (Cottus asper) (n=16). Bolded 
values indicate significance at p < 0.05. 
 Ephemeroptera Plecoptera Trichoptera Diptera Hemiptera Hymenoptera Neuroptera Araneae Coleoptera 
Ephemeroptera  0.1073 0.0401 
 
0.0113 
 
0.0050 
 
- - - 0.0004 
Plecoptera 0.4693 
 
 0.9988 0.9606 0.8831 - - - 0.4211 
Trichoptera 0.9427 
 
0.0152 
 
 
 0.9979 0.9816 - - - 0.6735 
Diptera 1 0.715 
 
0.7976 
 
 0.9999 
 
- - - 0.9006 
Hemiptera 0.1760 
 
1 0.0022 
 
0.3607 
 
 - - - 0.9691 
Hymenoptera 0.1358 
 
0.9998 
 
0.0014 
 
0.2954 
 
1  - - - 
Neuroptera 0.0958 
 
0.9991 
 
0.0008 
 
0.2241 
 
1 1  - - 
Araneae 0.1185 
 
0.9997 
 
0.0011 
 
0.2654 
 
1 1 1  - 
Coleoptera 0.0958 
 
0.9991 
 
0.0008 
 
0.2241 
 
1 1 1 1  
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Individual sequencing of prey items 
Sequence analysis of 419 morphologically identified prey items resulted in 293 sequences, 169 
of which could be assigned to a taxonomic group at ≥97% (Figure 1.3A), with the remaining 126 
specimens failing to produce a useable sequence. The full length LCOI primer produced reliable 
sequences for 84 specimens, with ZBJ and EPT producing reliable sequences for 58 and 27 
specimens, respectively (Figure 1.4). The overall success rate was similar for prey items of O. 
mykiss and C. asper, 41% and 38% respectively, with Trichoptera (26%) providing the lowest 
proportion of successful sequences (Figure 1.3A).  
Proportional comparison at the Order level shows that Ephemeroptera, Trichoptera, and 
Diptera were the most abundant prey in both fish species contributing to 84% for O. mykiss and 
91% for C. asper (Figure 1.3B). Diptera (41 ±12%), however, was significantly greater in O. 
mykiss and Ephemeroptera (50 ±13%) much greater in C. asper. 
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Figure 1.3: (A) Number of samples extracted for DNA (open bars) and successfully sequenced 
(closed bars) for rainbow trout (Oncorhynchus mykiss) (n=8) and prickly sculpin (Cottus asper) 
(n=8) using three primers which target the cytochrome oxidase subunit 1 region of the 
mitochondrial gene - EPT primer (157bp fragment); LCOI (650bp fragment) from Folmer et al. 
(1994); ZBJ (157bp fragment) from Zeale et al. (2011). (B) Proportional comparison of 
individual prey from O. mykiss and C. asper which produced a barcoding sequence that correctly 
matched their morphological identification (n=169). Orders which differ significantly by fish 
species are marked with *. 
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Figure 1.4: The number of DNA samples successfully Sanger sequenced using three primers 
(n=169). DNA samples were of invertebrate prey items from rainbow trout (Oncorhynchus 
mykiss) (n=8) and prickly sculpin (Cottus asper) (n=8). Each primer targets the cytochrome 
oxidase subunit 1 region of the mitochondrial gene - EPT primer (157bp fragment); LCOI 
(650bp fragment) from Folmer et al. (1994); ZBJ (157bp fragment) from Zeale et al. (2011). 
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Next generation Sequences from stomach samples 
Ion Torrent sequencing (IT NGS) of the homogenized stomach contents produced 309,279 high 
quality sequences - 49% from O. mykiss and 51% from C. asper - belonging to 270 operational 
taxonomic units (OTUs). Following taxonomic assignment and verification of PCR triplicates 
OTUs were condensed into 79 unique taxa, including 59 genera and excluding 56 OTUs which 
could not be determined at ≥ 97% identity. This conservative approach led to an analysis on 
14,943 reads among 62 unique taxa in the eight O. mykiss. The protocol also provided 15,964 
reads among 37 unique taxa in the eight C. asper.  
The taxa with the highest sequence abundance in O. mykiss diet were Paraleptophlebia 
heteronea (4209; 28%), Ameletus validus (3326; 22%), Lumbricus terrestris (1715; 11%), 
Procladius (1316; 9%), and Skwala compacta (965; 6%). The most prevalent taxa were 
Paraleptophlebia heteronea, which was consumed by all eight O. mykiss and Ameletus validus, 
Lepidostoma (333; 2%), Cinygmula mimus (146; <1%), Micropsectra subletteorum (83; <1%), 
and Orthocladius (56; <1%) which were consumed by five O. mykiss. 
The taxa with the highest sequence abundance in C. asper diet were Paraleptophlebia 
heteronea (9626; 60%) Skwala compacta (2196; 14%), Ameletus vernalis (1308; 8%), Ameletus 
validus (886; 6%), and Drunella grandis (501; 3%). The most prevalent taxa were 
Paraleptophlebia heteronea which were consumed by all eight C. asper, Cinygmula mimus (311; 
2%) consumed by seven fish, Limoniidae (85; 1%) consumed by five C. asper, and Ameletus 
validus, Ameletus vernalis, Paraleptophlebia memorialis (101; 1%), and Utacapnia columbiana 
(14; <1%) which were each consumed by four C. asper.   
Non-metric multidimensional scaling analysis of IT NGS prey data used a three-
dimensional solution to depict complete separation in diet between O. mykiss and C. asper 
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(Figure 1.5). The diet of C. asper is more closely clustered compared to O. mykiss, implying 
there may be more taxonomic variation between the diets of individual O. mykiss. A significant 
difference in diet (PerMANOVA, P<0.05) was found between O. mykiss and C. asper as 
described by prey genera. 
 
 
Figure 1.5: Non-metric multidimensional scaling (MDS) ordination of prey genera from rainbow 
trout (Oncorhynchus mykiss) (n=8) and prickly sculpin (Cottus asper) (n=8) obtained through 
Ion Torrent sequencing. 
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Comparison of Approaches 
Morphological identification of fish diet typically led to Order level assignments (72%) with 
Family (17%) and genus (10%) being attainable for few of the O. mykiss (Table 1.3) and C. asper 
(Table 1.4) prey. None of the prey specimens were morphologically identifiable to species. In 
comparison, identification to genus and species was possible for individually sequenced 
specimens across nine Orders, mainly Ephemeroptera, Plecoptera, Trichoptera, Diptera, and 
Hemiptera. The highest number of genera and species, however, was identified from the stomach 
homogenates that were analysed using IT NGS. From the stomach homogenates 79 unique 
taxonomic signatures were identified – 92% were resolved to at least the genus level –  compared 
to 53 unique taxa achieved from barcoding individual specimen (Figure 1.6).  
Prey detection and identification in individual fish at the genus level was greater using IT 
NGS compared to Sanger sequencing. IT NGS detected 26 genera which were not detected by 
Sanger sequencing, and sanger sequencing detected 17 genera which were not detected by IT 
NGS (Figure 1.7). O. mykiss prey genera were more effectively detected using IT NGS 
compared with C. asper prey which were more effectively detected using Sanger sequencing. 
Genus level classifications were not consistently attained using morphological identification. The 
use of morphological identification to detect prey at the Order level appeared to be similar 
compared to IT NGS (Figure 1.8). This pattern did not change between the fish species, with 
Order level detection remaining very consistent between the two methods. 
Comparison of the number of sequences produced by IT NGS for each Order of aquatic 
invertebrates to the proportional contribution of each Order’s count data (Figure 1.9A) and mass 
data (Figure 1.9B) revealed little relationship for O. mykiss and C. asper. 
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Table 1.3: Aquatic invertebrates from gut contents of eight rainbow trout (Oncorhynchus mykiss) identified visually (Morphological 
ID), by DNA sequencing of individual heads (barcode sequence ID), or DNA sequencing of homogenized gut contents (next 
generation sequence ID). The lowest taxonomic classification determined for specimens within the different Orders are listed for each 
method – light shading for genus and species; dark shading for Order and Family. 
 FAMILY Morphological ID Barcoding Sequence ID Next generation Sequence ID 
Trichoptera 
 Trichoptera Trichoptera  
Lepidostomatidae  Lepidostoma Lepidostoma 
Lepidostomatidae  Lepidostoma rayneri  
Lepidostomatidae  Lepidostoma pluviale  
Hydropsychidae Hydropsychidae Hydropsyche oslari  
Glossosomatidae  Glossosoma alascense  
Rhyacophilidae   Rhyacophila brunnea   
Diptera 
 Diptera  Diptera 
Ceratopogonidae Ceratopogonidae   
Chironomidae Chironomidae Chironomidae Chironomidae 
Chironomidae  Orthocladius Orthocladius 
Chironomidae  Cricotopus Cricotopus 
Chironomidae   Cricotopus bicinctus 
Chironomidae  Synorthocladius Synorthocladius 
Chironomidae  Psectrocladius Psectrocladius 
Chironomidae   Thienemanniella 
Chironomidae  Thienemanniella xena Thienemanniella xena 
Chironomidae   Parakiefferiella 
Chironomidae   Eukiefferiella 
Chironomidae  Procladius Procladius 
Chironomidae  Procladius denticulatus Procladius signatus 
Chironomidae  Procladius culiciformis  
Chironomidae   Chironominae 
Chironomidae  Tanytarsus Tanytarsus 
Chironomidae   Tanytarsus buckleyi 
Chironomidae   Tanytarsus lestagei 
Chironomidae   Heterotanytarsus apicalis 
Chironomidae   Micropsectra 
Chironomidae   Micropsectra subletteorum 
Chironomidae   Paracladopelma 
Chironomidae   Potthastia 
Chironomidae  Phaenopsectra  
Chironomidae  Conchapelopia pallens  
Simuliidae  Simulium Simulium malyschevi 
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Table 1.3: Continued. 
 FAMILY Morphological ID Barcoding Sequence ID Next generation Sequence ID 
Diptera 
Simuliidae  Simulium arcticum  
Bibionidae  Bibio longipes Bibio longipes 
Cecidomyiidae  Cecidomyiidae Cecidomyiidae 
Psychodidae  Psychoda Psychoda phalaenoides 
Muscidae     Spilogona suspecta 
Mycetophilidae  Hadroneura  
Ephemeroptera 
 Ephemeroptera   
Leptophlebiidae Paraleptophlebia Paraleptophlebia heteronea Paraleptophlebia heteronea 
Leptophlebiidae  Paraleptophlebia memorialis Paraleptophlebia memorialis 
Leptophlebiidae   Leptophlebia nebulosa 
Leptophlebiidae   Leptophlebia cupida 
Heptageniidae Heptageniidae Cinygmula  
Heptageniidae   Cinygmula mimus 
Heptageniidae   Rhithrogena 
Heptageniidae   Epeorus albertae 
Baetidae  Diphetor hageni Diphetor hageni 
Baetidae  Baetis tricaudatus  
Ameletidae  Ameletus Ameletus 
Ameletidae   Ameletus validus 
Ephemerellidae   Ephemerellidae 
Ephemerellidae   Ephemerella dorothea infrequens 
Ephemerellidae     Drunella grandis 
Plecoptera 
 Plecoptera   
Perlodidae  Isoperla fulva Isoperla fulva 
Perlodidae   Skwala compacta 
Perlodidae  Skwala americana Skwala americana 
Nemouridae  Zapada Zapada 
Nemouridae  Zapada cinctipes Zapada cinctipes 
Chloroperlidae   Triznaka signata 
Perlidae   Hesperoperla 
Perlidae     Hesperoperla pacifica 
Hemiptera 
 Hemiptera   
Aphididae  Aphis Aphis 
Aphididae  Aphis salicariae  
Aphididae  Rhopalosiphum padi Rhopalosiphum padi 
Aphididae  Rhopalosiphum nymphaeae  
Aphididae   Pterocomma salicis 
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Table 1.3: Continued. 
 FAMILY Morphological ID Barcoding Sequence ID Next generation Sequence ID 
Hemiptera 
Aphididae   Euceraphis gillettei 
Cicadellidae  Idiocerus delongi Idiocerus delongi 
Cicadellidae  Empoasca  
Triozidae   Triozidae 
Anthocoridae     Anthocoris antevolens 
Hymenoptera 
 Hymenoptera   
Ichneumonidae  Aperileptus albipalpus Aperileptus albipalpus 
Araneae 
 Araneae   
Phalangiidae   Oligolophus tridens   
Homoptera   Homoptera     
Coleoptera 
  Coleoptera     
Oedemeridae   Chrysanthia viridissima 
Neuroptera Hemerobiidae   Micromus montanus Hemerobius humulinus 
Lepidoptera Noctuidae   Dargida procinctus 
Haplotaxida 
 Haplotaxida   
Lumbricidae  Lumbricus terrestris Lumbricus terrestris 
Tubificidae   Chaetogaster diaphanus 
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Table 1.4: Aquatic invertebrates from gut contents of eight prickly sculpin (Cottus asper) identified visually (Morphological ID), by 
DNA sequencing of individual heads (barcode sequence ID), or DNA sequencing of homogenized gut contents (next generation 
sequence ID). The lowest taxonomic classification determined for specimens within the different Orders are listed for each method – 
light shading for genus and species; dark shading for Order and Family.   
 FAMILY Morphological ID Barcoding Sequence ID Next generation Sequence ID 
Trichoptera 
 Trichoptera   
Lepidostomatidae  Lepidostoma rayneri Lepidostoma 
Lepidostomatidae  Lepidostoma ormeum  
Polycentropodidae  Plectrocnemia variegata  
Polycentropodidae   Polycentropus variegatus 
Limnephilidae  Ecclisomyia conspersa Ecclisomyia conspersa 
Glossosomatidae  Glossosoma alascense  
Leptoceridae  Oecetis disjuncta  
 Hydropsychidae   Hydropsyche 
Ephemeroptera 
  Ephemeroptera     
Leptophlebiidae Paraleptophlebia Paraleptophlebia heteronea Paraleptophlebia heteronea 
Leptophlebiidae  Paraleptophlebia memorialis Paraleptophlebia memorialis 
Leptophlebiidae   Paraleptophlebia debilis 
Leptophlebiidae   Leptophlebia nebulosa 
Heptageniidae Heptageniidae  Cinygmula mimus 
Heptageniidae   Epeorus deceptivus 
Heptageniidae   Epeorus albertae 
Ephemerellidae Drunella  Drunella grandis 
Ephemerellidae   Diphetor hageni 
Ephemerellidae   Ephemerella 
Ameletidae   Ameletus vernalis 
Ameletidae   Ameletus validus 
Baetidae   Acentrella turbida 
Diptera 
  Diptera     
Chironomidae Chironomidae Chironomidae Chironomidae 
Chironomidae  Synorthocladius semivirens Synorthocladius 
Chironomidae  Orthocladius Orthocladius 
Chironomidae  Tokunagaia tonollii  
Chironomidae  Cricotopus  
Chironomidae   Tanytarsus 
Tipulidae Tipulidae Tipulidae Limoniidae 
Culicidae  Anopheles  
Tachinidae   Winthemia Janzen 
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Table 1.4: Continued. 
 FAMILY Morphological ID Barcoding Sequence ID Next generation Sequence ID 
Plecoptera 
  Plecoptera     
Capniidae  Utacapnia columbiana Utacapnia columbiana 
Capniidae   Capnia coloradensis 
Perlodidae  Skwala americana  
Perlodidae   Skwala compacta 
Perlodidae   Isoperla fulva 
Perlodidae   Kogotus 
Chloroperlidae   Triznaka signata 
Nemouridae   Zapada 
Batrachospermales 
      Batrachospermum 
   Paralemanea annulata 
Eustigmatales       Nannochloropsis limnetica 
Pythiales Pythiaceae   Pythium 
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Figure 1.6: Proportional taxonomic resolution of samples from stomach contents of rainbow 
trout (Oncorhynchus mykiss) and prickly sculpin (Cottus asper) determined visually by 
morphological analysis (n=419), barcode sequencing of individual prey (n=169), and Next 
Generation Sequences (NGS) from homogenized stomach contents.  
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Figure 1.7: Detection of A) rainbow trout (Oncorhynchus mykiss) (n=8) and B) prickly sculpin 
(Cottus asper) (n=8) prey genera using Ion Torrent (IT NGS) and Sanger sequencing. Genera 
found below the mid line represent greater detection using IT NGS and genera above the line 
represent greater detection using Sanger sequencing. Points representing multiple taxa 
(Appendix, Table A1.2 and Table A1.3) are labelled with the corresponding number of genera. 
  
  37 
 
Figure 1.8: Detection of A) rainbow trout (Oncorhynchus mykiss) (n=8) and B) prickly sculpin 
(Cottus asper) (n=8) prey Orders using Ion Torrent NGS (IT NGS) and Morphological 
identification. Orders found below the mid line represent greater detection using IT NGS and 
Orders above the line represent greater detection using Morphological identification. Points 
representing multiple taxa (Appendix, Table A1.4 and Table A1.5) are labelled with the 
corresponding number of Orders. 
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Figure 1.9: Number of IT NGS sequences for each aquatic invertebrate prey Order as a function 
of their proportional contribution of count data (A) and mass data (B) from rainbow trout 
(Oncorhynchus mykiss – closed triangles) and prickly sculpin (Cottus asper – open triangles) 
caught in Ormond Creek, BC. Data are plotted as means ± standard error. 
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DISCUSSION 
I have shown that contemporary molecular tools can be used to successfully assess biodiversity 
and ecosystem function in a lotic freshwater system. This method could be used to characterize 
effects of anthropogenic change. For example, environmental disturbances associated with 
stream crossings influence the aquatic community during and following construction. Sediment 
released during installation of a pipeline has detrimental effects to both fish and invertebrates 
(Newcombe and Macdonald 1991; Berry et al. 2003; Cover et al. 2008; Levy 2009), while the 
removal of riparian vegetation alters abiotic conditions within the stream and result in changes to 
the aquatic community (Vannote et al. 1980; Lévesque and Dubé 2007; Coe et al. 2013). The 
removal of riparian vegetation also has effects on terrestrial invertebrates. Inputs of terrestrial 
invertebrates are highest when riparian forests are dominated by deciduous plants (Baxter et al. 
2005), while old growth coniferous forests have been linked with low abundance (Wipfli 1997). 
Kawaguchi and Nakano (2001), however, found heavily forested reaches contribute more 
terrestrial invertebrates when compared to open grassland sections. With the removal of riparian 
vegetation during anthropogenic disturbance, terrestrial invertebrate inputs into streams may be 
reduced, limiting one of the main contributions to O. mykiss diet. Although stream crossings 
such as a pipeline right-of-way (ROW) are typically short relative to stream lengths, the 
cumulative impacts experienced from all linear features and vegetation removal affecting a given 
stream may greatly impact the stream community. Tools that allow rapid assessment of aquatic 
ecosystem function may make an important contribution for the assessment of biodiversity. 
Molecular methods in addition to traditional morphological approaches, therefore, show 
tremendous potential for assessing changes associated with developments along small interior 
streams.  
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Diet analysis was conducted using three methods which each reveal differences in the 
characterization of fish diet. My study shows strengths and limitations associated with each 
approach and types of inference that can be made using these types of unique datasets. Project 
goals are vital when considering prey identification methods. Taxonomic breadth and resolution 
was best achieved with Ion Torrent Next Generation Sequencing (IT NGS). Sanger sequencing 
also describes prey in great taxonomic detail, but poor sequencing success inhibits its use in diet 
analysis. Quantitative data on prey abundance was only available when morphologically 
identifying prey, however, this method lacks breadth of taxonomic detection and resolution.    
Morphological analysis 
Morphological analysis allowed the detection of supplemental information on prey items which 
can be crucial for understanding diet and predation, such as developmental stage, size, digestion 
rate, and abundance estimates. Visual identification of invertebrate prey, however, requires a 
considerable amount of time and expertise to accurately classify to the species level (Lenat and 
Resh 2001). The level of digestion and fragmentation of prey in my study fish restricted 
identification to Order with Family and genus being unreliably attained and resolution to species 
never achieved. As a result, comparison of diet between O. mykiss and C. asper was conducted 
using taxonomic classification to Order and did not allow for the easy inclusion of terrestrial 
specimens as an independent category, with a significant difference in diet being detected 
between the two species. The proportional contribution of Orders in the diet of fish indicated no 
difference (Figure 1.2), however, the inclusion of terrestrial invertebrates resulted in an observed 
difference in fish diet. 
Metrics to assess aquatic invertebrate’s ecological role have been developed to rely on 
Order level classifications as inputs – EPT/D, %EPT, %E, %T, %D. This is often because of the 
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difficulty in achieving lower taxonomic levels with morphological identification, as was the case 
in this study. In many cases Order level identifications are not sufficiently detailed to discern the 
variability that exists in the ecological and environmental relationships between the 
corresponding families, genera or species of a given Order. It is therefore much more relevant to 
conduct aquatic invertebrate analyses on lower level classifications, such as Family or genus so 
that this diversity can be accounted for while producing more accurate assessments (Barbour et 
al. 1999). By using increased taxonomic resolution more ecologically relevant information leads 
to observing the differences in functional feeding groups (Cummins et al. 2005), the 
biomonitoring of streams through invertebrate pollution tolerance levels (Hilsenhoff 1982; 
Kerans and Karr 1994; Barbour et al. 1999; Reif 2002; Diaz et al. 2004), and understanding 
resource partitioning by aquatic invertebrates (Cummins and Klug 1979; Townsend and Hildrew 
1979). Sufficient high level taxonomic resolution is therefore necessary to make the most 
accurate and substantial conclusions regarding ecological function and role.  
Morphological analysis revealed that in addition to larval and nymphal aquatic prey O. 
mykiss diet consisted of a considerable proportion of terrestrial and adult aquatic invertebrates, 
indicating predation at the water surface by O. mykiss. This is consistent with previous research 
which shows O. mykiss exploit prey throughout the water column, including surface feeding 
(Angradi and Griffith 1990; McPhail 2007). C. asper are a benthic species whose diet relies on 
benthic organisms with no substantial terrestrial or adult aquatic invertebrate inputs (Brown et al. 
1995; Merz 2002; McPhail 2007). Morphological analysis of C. asper prey reiterated these 
finding in revealing their diet contains immature aquatic invertebrates exclusively. 
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Individual sequencing 
Species level classifications for invertebrate fragments from the O. mykiss and C. asper stomachs 
were possible following amplification and sequencing, and consistently increased taxonomic 
resolution over morphological identifications. The detailed description of fish diet obtained using 
this approach can provide a better understanding of fish predation as large ecological variability 
exists within invertebrate Families or genera (Resh and Unzicker 1975; Barbour et al. 1999; 
Lenat and Resh 2001). Inference, however, was limited as less than 50% of the specimens 
returned a useable and accurate sequence despite using a robust protocol which attempted to 
amplify DNA with three primer sets, targeting both short and full length COI gene regions. 
The low proportion of success may have been caused by numerous flaws in this 
approach. In an intact form, the invertebrate prey would be very small and contain little biomass. 
The small specimen size is exaggerated once digestion begins and much of the biomass is lost, 
leaving a fragment which is a fraction the size with little DNA available. Low concentration 
DNA can amplify successfully, but Sanger sequencing typically requires higher concentrations to 
properly sequence the target amplicon (Tipu and Shabbir 2015). In preparation for sequencing, 
most DNA samples follow simple laboratory preparation while avoiding contaminants that 
would disrupt the ability to identify the target specimen in the data output. On the other hand, 
once in the stomach and following dissection it is unavoidable to have prey DNA cross 
contaminate specimens and persist following ethanol rinses. If this contamination is maintained 
throughout preparation it may be substantial enough to affect the sequencing output and be a 
cause for poor sequencing success. Lastly, the use of universal primers is powerful as they are 
able to target multiple taxa which would otherwise require numerous primer sets to amplify. This 
significantly reduces the cost and time required to perform sequence analysis. However, although 
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universal in theory, these primers can contain unintended biases against certain taxa resulting in 
lower binding and amplification success (Sharma and Kobayashi 2014; Pawluczyk et al. 2015). 
A combination of these limitations may have contributed to the failure to sequence 
approximately 60% of the individual specimens. 
Individual sequencing was inconsistent across Orders, most notably Trichoptera, where 
only 26% of sequencing runs were successful. Diversity generally increased following IT NGS, 
however the diversity of trichopteran genera decreased following IT NGS. This may be another 
indication that the primers were limited in their ability to successfully target and bind with DNA 
from trichopteran prey. However, during morphological identification specimens were removed 
from the stomach contents for subsequent DNA analysis. Many samples consisted of only a 
head, whereas more intact specimens could have included the entire specimen. Many species of 
Trichoptera encase themselves in a sheath made of pebbles, wood, or other organic debris, and 
this sheath may have protected the individual from mechanical digestion inside the fish stomach. 
As a result, Trichoptera prey removal from the stomach during visual identification could have 
meant a significant amount of prey biomass, and DNA, was no longer present in the stomach for 
homogenization. It is therefore possible that individual sequencing of Trichoptera was 
disproportionately low due to inadequate DNA amplification using these primers. The use of 
these same primers in preparation for NGS would have also contributed to a lack of Trichoptera 
sequences following IT NGS, but with much of the Trichoptera biomass being removed prior to 
homogenization, this result is exaggerated and may explain the lack of Trichoptera diversity 
revealed from IT NGS. 
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Ion Torrent Next Generation Sequencing 
Next generation sequencing has the ability to detect highly digested or soft bodied organisms 
which rapidly digest beyond recognition (Symondson 2002; Carreon-Martinez et al. 2011). This 
allows for the identification of a greater diversity of taxa within diet, as was observed in my 
study where IT NGS detected 37 genera unique to this approach. Many of the taxa identified 
using this method were classified to lower levels, such as genus and species compared with 
morphological analysis which was commonly restricted to Order. This description of diet, which 
has great taxonomic resolution in addition to diversity, contains sufficient detail to determine 
differences in fish diet (Figure 1.5) as well as incorporate ecologically relevant information 
regarding specific prey taxa. This includes many of the ecological metrics discussed earlier 
which reduce generalizations and reduce variability by applying characteristics and ecological 
roles which are specific to genera and species.  
Many prey analyses rely on quantitative data such as taxonomic abundance or biomass to 
determine prey selection or resource partitioning (Bardach 1962; Hyslop 1980). My data show 
that a relationship does not exist between the number of sequences obtained during IT NGS and 
abundance or biomass of taxa. This is a common theme in molecular diet analyses, where NGS 
data has yet to accurately reflect abundance (Deagle et al. 2013; Thomas et al. 2014). This 
restricts NGS datasets from being applied to prey selection indices, however alternative 
statistical analyses remain. Ordinate analysis was applied in this study and determined diet 
composition of O. mykiss and C. asper was different with permutational analysis of variance 
determining this difference to be statistically significant. The taxonomic resolution achieved was 
necessary in detecting differences using ordination, as Order level assignments would not reveal 
this conclusion. 
  45 
Frequency of occurrence can be applied to assess the dietary composition of species or as 
in this study, to compare identification methods. This analysis was applied by comparing 
taxonomic detections within individual fish obtained by different methods. Morphological 
identification appears to be equally effective as IT NGS in the detection of invertebrate Orders in 
our fish, whereas IT NGS was found to be more effective in the detection of invertebrate genera 
compared with Sanger sequencing. This may give the appearance that morphological analysis is 
best to detect prey taxa within fish, however, it is necessary to consider the resolution at which 
this comparison is applied. Order was the only reliable and consistent classification obtained 
during morphological identification which meant a direct comparison in diet would need to be 
completed at this level, and in doing so IT NGS data would lose its significance associated with 
high resolution identifications. It is also important to consider the lack of functional diversity 
within aquatic invertebrates when viewed from the Order level, meaning little variation would be 
expected between the different approaches. A more relevant frequency of occurrence assessment 
was applied between prey genera detection through IT NGS and Sanger sequencing. This 
comparison shows the effectiveness of IT NGS to detect prey genera exceeds that of Sanger 
sequencing. Although a complete dataset for Sanger sequencing which successfully categorized 
all samples would lead to a more robust description of diet and may compare with IT NGS, the 
inability to sequence all sampling is an important flaw in this approach.   
Conclusion 
The insectivorous diets of the fish in this project are representative of fluvial juvenile O. 
mykiss and C. asper in central British Columbia and throughout much of their distribution. 
Although challenging to taxonomically identify with precision, chitinized invertebrate 
exoskeletal features persist through digestion and can contribute towards a quantitative 
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assessment compared to soft-bodied or fleshy prey. Visual identification of invertebrate fish prey 
therefore, remains a valuable practice to classify prey quantities for fish such as O. mykiss and C. 
asper. Identification in this sense can be restricted to broader observations, such as life stage, 
size, or terrestrial versus aquatic origin, and when coupled with sequencing of individual 
organisms can increase identification certainty and resolution. This approach would present the 
opportunity for a more thorough analysis, including quantitative diet analysis and selection 
assessments, but will be hindered by the ability to successfully sequence these tiny and highly 
digested specimens. Further, to reveal the complete biodiversity of organisms that contribute to 
the diet of fish NGS is necessary, as it provided the most exhaustive description of taxa within 
our fish. 
Morphological analysis, Sanger sequencing, and IT NGS approaches to examine stomach 
contents of two fish species provided complementary information on O. mykiss and C. asper 
prey. Quantitative information was realized using morphological identification and although 
taxonomic resolution was lacking, it should remain an important aspect to supplement DNA 
analysis at least until reliable quantitative sequencing methods are developed. Additional data 
such as morphological features, prey developmental-stage and biomass are important and cannot 
be obtained through genetic analysis alone. Sequencing individual samples increased the 
taxonomic description of diet beyond the ability of morphological identification. Increased 
taxonomic resolution improved details on diet composition and could lead to more robust 
assessments on fish feeding behaviour and strategy, but conclusions were significantly impacted 
by the inability to successfully sequence and identify large portions of the diet. IT NGS allowed 
for the broadest analysis of diet and although a lack of quantitative relationships limited the 
analysis of these datasets, it provided the most exhaustive description of prey. This was a result 
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of a large increase in taxonomic resolution – compared to morphological analysis - and a method 
which could more effectively identify prey within fish diet by parsing through the stomach 
homogenates by targeting DNA – rather than visual detection required for barcoding and 
morphological identification. 
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CHAPTER 2  
Aquatic biodiversity in a coastal British Columbian stream: Relationship between prey 
availability and fish diet 
ABSTRACT 
I used next generation sequencing to assess invertebrate biodiversity during two years of 
environmental sampling from a central British Columbia coastal stream. I assessed aquatic 
invertebrate diversity from environmental DNA samples from stream water, DNA extracted from 
ethanol preservative from Surber samples, and from stomach homogenates of three species of 
fish (rainbow trout, Dolly Varden, and coastrange sculpin). Diversity varied significantly 
between years with an equal proportion of unique species detections in each year. The alpha 
diversity observed in water samples included an abundance of terrestrial species causing eDNA 
to cluster separately from other samples due to the presence of many non-EPTD (Ephemeroptera, 
Plecoptera, Trichoptera, Diptera) taxa. Fish, independent of species, appeared to be generalist 
feeders and provided the greatest number of unique taxonomic detections. Although there was 
substantial overlap in the taxonomic composition of salmonid and cottid diets, detections of 
unique Diptera and non-EPTD in salmonids suggest a more opportunistic feeding behaviour and 
potentially exploitation of more available habitat for these two species. 
INTRODUCTION 
An understanding of food web dynamics informs ecological theory regarding predator-prey 
relationships, population dynamics, and nutrient and energy flow within ecosystems (Paine 
1980a). An accurate understanding of food webs can be applied to fields as diverse as 
conservation biology, agroecology, fisheries science, and the study of invasive species 
(Pompanon et al. 2012). Food webs, however, are incredibly complex and most studies have, by 
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necessity, focused on just a subset of potential interactions. Developing accurate food-webs for 
generalist species has proven particularly challenging, due to the wide range of prey consumed 
(Pompanon et al. 2012). 
Traditionally fish diet studies have relied on morphological identification of prey items 
(Wipfli 1997; Merz 2002; Carreon-Martinez et al. 2011). This type of work provides a great deal 
of useful information; however, it is both labour-intensive and subject to observational bias. In 
particular the data are biased towards organisms with identifiable hard structures, whereas more 
soft-bodied or quickly digested organisms can be overlooked (Symondson 2002; Carreon-
Martinez et al. 2011; Pompanon et al. 2012; Paquin et al. 2014). As well, for insectivorous 
predators, data are further limited by the challenging taxonomy of the prey taxa. Due to this 
difficulty even undigested specimens are often not identifiable to the species-level (Kerans and 
Karr 1994; Relyea et al. 2012). DNA barcoding, wherein a standardized region of the 
cytochrome c oxidase subunit 1 gene (COI) is sequenced and compared to online databases, has 
been proposed as a method for increasing ease of identifications (Hebert et al. 2003). Barcoding 
has successfully been used for freshwater invertebrate biodiversity research, greatly increasing 
the taxonomic resolution and identifying a much larger number of species in a sample (Zhou et 
al. 2010; Sweeney et al. 2011; Jackson et al. 2014; Gill et al. 2014; Stein et al. 2014; Chapter 1). 
Sequencing DNA can also allow for identification of even highly degraded prey items (Sheppard 
and Harwood 2005; Pompanon et al. 2012; Piñol et al. 2014). More recently, the field of 
metabarcoding has taken advantage of the increased capacity and decreased cost of next 
generation sequencing (NGS) technologies to develop protocols for sequencing entire 
communities at once (Taberlet et al. 2012; Ji et al. 2013; Piñol et al. 2014; Cristescu 2014). 
These technologies have been rapidly adopted in diet studies, as they are cost-effective and can 
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provide a more complete list of prey items than obtained through morphological identifications 
(Pompanon et al. 2012; Quéméré et al. 2013; De Barba et al. 2014; Lopes et al. 2015). Despite 
the advantages of this approach, many issues remain, such as data biases due to PCR taxonomic 
bias (Deagle et al. 2014; Elbrecht and Leese 2015; Brandon-Mong et al. 2015) and whether 
quantitative data, rather than presence-absence data, can be obtained (Deagle et al. 2013). 
Aquatic food-webs are complex and influenced by both allochthonous and autochthonous 
inputs (Vannote et al. 1980; Soluk 1993; Nakano et al. 1999b; Kawaguchi and Nakano 2001; 
Kawaguchi et al. 2003; Baxter et al. 2005). Benthic invertebrate communities influence fish 
populations (Ramezani et al. 2014), while selective predation by fish can also affect benthic 
communities (Dahl and Greenberg 1996). Changes in riparian inputs has the potential to affect 
fish populations, especially for surface-feeding fish such as salmonids (Wipfli 1997; Allan et al. 
2003). Anthropogenic disturbances can greatly impact fish and stream ecosystems, especially 
when multiple stressors are present (Fausch et al. 2010; McHugh et al. 2010; Stendera et al. 
2012). In northern Canada, aquatic ecosystems have long been affected by forestry (Pike et al. 
2010), and are increasingly influenced by linear features (e.g. roads, power lines, pipelines) 
associated with industrial activities (Lévesque and Dubé 2007). Such disturbances often increase 
sedimentation which has a strong negative impact on fish, both directly and due to changes in the 
invertebrate community prey base (Newcombe and Macdonald 1991; Trombulak and Frissell 
2000; Suttle et al. 2004; Ramezani et al. 2014; Cott et al. 2015).  
To understand, predict, and mitigate impacts of increasing industrialization on 
economically and ecologically important fish, it is first necessary to accurately determine prey 
use. Along with identifying what fish are eating, it is important to develop an accurate 
understanding of the available prey base, thus permitting analysis of prey selection and potential 
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diet shifts in response to disturbance. Traditionally, prey availability has been determined 
through targeted collection (Hasegawa et al. 2012; Domagała et al. 2015); however, this has the 
potential to miss prey sources that are more difficult to collect or have a patchy distribution. 
Since species of fish forage differently, determining the entire prey base for a given habitat is 
challenging. Furthermore, morphological identification of specimens is time-consuming and 
requires high levels of expertise (Gibson et al. 2015). Due to these challenges, metabarcoding 
techniques can be used to provide a snapshot of the biodiversity potentially available as fish 
forage.  
Environmental DNA (eDNA) is DNA that can be obtained directly from environmental 
samples (e.g. water or soil samples) that may or may not include the physical bodies of the 
organisms present (Taberlet et al. 2012; Rees et al. 2014). Two sources of eDNA show particular 
promise for quickly and efficiently determining the available prey in aquatic ecosystems: filtered 
water samples and preservative ethanol from bulk invertebrate samples. Environmental DNA 
from water samples has been used to successfully detect vertebrate communities (Thomsen et al. 
2012b; Valentini et al. 2016), but has only more recently been applied to invertebrates (Mächler 
et al. 2014). Non-destructive metabarcoding from preservative ethanol is another newly 
developed technique that has the potential to identify freshwater benthic invertebrates using 
DNA extracted from the ethanol in which they are stored (Hajibabaei et al. 2012).  
My objective was to elucidate the aquatic food web of a stream with substantial 
invertebrate and fish biodiversity in the central coast of British Columbia. I used multiple data 
sources to provide a substantial and potentially novel picture of a single aquatic food web; eDNA 
from stream water samples and preservative ethanol from Surber samples (PresDNA) to identify 
potential prey items, and molecular identification of prey from three species of fish – coastrange 
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sculpin (Cottus aleuticus), Dolly Varden (Salvelinus malma) and rainbow trout (Oncorhynchus 
mykiss). My aim was to develop a toolkit of methods that can be used to assess and predict the 
effects of anthropogenic changes on aquatic environments and fish. My work incorporated 
multiple types of analyses on environmental samples to identify gaps in our knowledge and 
technical capabilities, and to help describe data generated using NGS protocols.  
METHODS AND MATERIALS 
Chist Creek is a fifth-order stream in the Kitimat River watershed of coastal British Columbia 
(Figure 2.1). It is a significant tributary of the Kitimat River with a length of 32.6 km and a 
wetted width ranging from 18.4 to 28.9 m at my sampling locations (Figure 2.2). Chist Creek 
was selected as my study stream because of all the streams sampled in the Kitimat River 
watershed, it contained the greatest diversity of species, but also high abundance of each species 
(Flores et al. 2016). Sampling at Chist Creek for water samples, benthic invertebrates, and fish 
occurred at two sites 400 m apart in late July 2014 and early August 2015. Site locations were 
selected in relation to proposed pipeline development, with one 200 m upstream and one 200 m 
downstream of the proposed crossing. 
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Figure 2.1: Map of the sampling locations (●) for eDNA, invertebrates and fish in Chist Creek in 
2014 and 2015.  
 
 
Figure 2.2: Chist Creek looking south at approximately our +200 site. Photograph was taken 
from the bridge at 3 km on the Upper Kitimat FSR.  
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Sample Collection 
Water sample Collection - eDNA 
Three 2 L water samples were collected at each site in sterile Nalgene bottles from the upper 5 
cm of flowing surface water. Samples were stored on ice for approximately 3-6 h and then 1 L 
stream water samples were vacuum filtered through 47 mm diameter, 0.45 µm pore size, mixed-
cellulose filters (Cole-Palmer, Montreal, QC, Catalog No. A045A047A) for a total of two filter 
papers per 2 L water sample. Each filter was then preserved in 95% ethanol and stored at –20 °C 
until extracted for DNA. In total, six water samples were taken from Chist Creek for each year of 
this analysis. To monitor for contamination from field and lab equipment, a 1 L Nalgene bottle 
filled with distilled water was taken to the field and subjected to the same filtering process using 
the sterilized equipment.  
Benthic invertebrate collection - PresDNA 
Benthic invertebrates were collected with three replicates at both sites, each from an adjacent 
riffle within the site. Methods were adapted from protocols developed for streams in the Greater 
Vancouver Regional District (Page et al. 2008). Sampling was conducted using a Surber sampler 
(Dynamic Aqua Supply, Surrey, BC, Catalog No. SBN250) with a 30 x 30 cm frame (0.09 m2) 
and 250-µm mesh size. One replicate sample was an aggregate of three 3 min Surber placements 
within one riffle, working upstream following each placement. Large rocks within the Surber 
frame were rubbed and removed, then the gravel and sand were mixed for the remainder of the 3 
min with invertebrates being carried by the current into the mesh. At the end of the 3 min 
interval the sampler was moved upstream to an undisturbed area in the riffle for another 3 min 
placement. A third placement in the same riffle completed the aggregate Surber sample. 
The sample was then elutriated through a five-step process using a sterile 5 L bucket and 
stream water to isolate the organic material. Following each elutriation step, water and 
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suspended organics were poured into the mesh of the Surber sampler to remove and further 
isolate all organics. Once complete inorganic debris was discarded and all organic material was 
transferred to a 500 ml plastic bottle and preserved in 95% ethanol. In the laboratory ethanol 
from each sample was replaced with clean 95% ethanol and samples were stored at –20 °C. The 
ethanol used to preserve the invertebrates (PresDNA) was then used as a source to target DNA 
for genetic analysis of the benthic invertebrate community. 
Fish collection and processing – Stomach homogenates 
Fish collection was conducted using a backpack electrofishing unit (Model LR-24, Smith-Root 
Inc., Vancouver, WA, USA; British Columbia Ministry of Forests, Lands and Natural Resource 
Operations permit SM13-90758 and Fisheries and Oceans Canada licence XR 203 2014, 
APPENDIX 2). University of Northern British Columbia Animal Care and use Committee 
approved all fish capture and sampling procedures (protocol 2013-04). Forty-eight fish were 
collected for analysis – 20 O. mykiss, 20 C. aleuticus and 8 S. malma; 10 from each year, 
however, in 2014 and 2015 S. malma totaled 7 and 1, respectively. Fish were anesthetized using 
200 mg · L-1 MS-222 (tricaine methanesulfonate) buffered with 400 mg · L-1 sodium bicarbonate 
and fork length to the nearest mm and weight to the nearest 0.1 g were recorded for each fish. 
Fish were dissected with gastrointestinal (GI) tracts removed and preserved in 95% ethanol and 
stored at –20 °C until further processing. 
Using sterile techniques in the laboratory, GI tracts were weighed to the nearest 0.1 g and 
opened with clean scalpel and forceps. To avoid scraping cells from the predator stomach lining, 
items were flushed using 95% ethanol or physically removed with tweezers and were placed into 
a sterile petri dish. Sorting of stomach contents focused on isolating and identifying invertebrate 
heads, as this standardized the quantification of prey presence for future analysis. The remaining 
 56 
partially digested invertebrate prey matter was combined into a 15 ml tube (stomach 
homogenates) and stored in 95% ethanol at –20 °C until DNA extraction. 
DNA Extraction 
eDNA 
DNA was extracted from the filters using bead beating and the DNeasy Blood and Tissue Kit: 
spin-column protocol (Qiagen, Toronto, ON, Catalog No. 69506). To avoid contamination, all 
extractions were performed in a room dedicated to low-quality DNA sources. No DNA samples 
from other species were handled in this room and separate lab coats, pipets, pipette filter tips and 
laboratory equipment were used to perform the extractions at that location. Additionally, all 
equipment was first sterilized using a 10% bleach solution and exposed to UV light for a 
minimum of 15 min prior to each set of extractions. To monitor for contamination, a negative 
control was included for each set of water filter DNA extractions.  
Filters were removed from the ethanol and cut into ca. 1 mm slices using sterile forceps 
and tweezers. The filter pieces were placed into 2 ml tubes that contained two 5/32’’ steel 
grinding beads (Ops Diagnostics, Lebanon, NJ, Catalog No. GBSS 156-5000-01) and left to air-
dry overnight. Filter pieces were then shaken in a Genogrinder 2000 (BT&C Inc., Burlington, 
ON) at 1500 oscillations · min–1 for 90 s. To prevent contamination, the filter particles were spun 
for 1 min at 6000 g before opening the tube and adding 870 µl Buffer ATL and 30 µl Proteinase 
K solution. The tubes were incubated at 56 °C for 30 min with 150 rpm agitation, then shaken in 
the Genogrinder at 1000 oscillations · min–1 for 60 s. Samples were incubated once again at 
56 °C with agitation for 1.5 h. After the final incubation step, samples were vortexed for 15 s and 
spun for 3 min at 10 000 g. The supernatant (~600 µl) from each tube was transferred into a new, 
labelled 2 ml tube without disturbing the filter paper pellet. Since multiple filters were required 
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to filter each 2 L water sample, the supernatants from the appropriate samples were combined 
before proceeding with the wash steps. Hereafter the supernatant was subjected to a classical 
DNA extraction for the remaining steps with the Qiagen DNeasy Blood and Tissue Kit 
(manufacturer’s protocol) using the following modifications; 600 µl Buffer AL, 600 µl 95% 
ethanol, and final elution steps of 2 x 50 µl AE Buffer for each sample. The DNA concentration 
of each eDNA extract was quantified using a QUBIT® 2.0 Fluorometer (dsDNA HS Assay, Life 
Technologies, Burlington, ON, Catalog No. Q32854) and stored at –20 °C until PCR 
amplification. 
PresDNA 
2014 samples 
Each ethanol preservative Surber sample was inverted ten times to mix and re-suspend the DNA 
contents in the ethanol. Approximately 40 ml of the preserved ethanol was transferred into a 
clean, sterile 50 ml centrifuge tube and centrifuged at 18 000 g for 1 h at 4 °C to recover 
precipitated DNA. Taking care not to disturb the formed pellet, approximately 38 ml of 
supernatant was removed. The remaining ethanol (1.5 – 2 ml) was gently swirled to re-suspend 
the pellet. With a clean, sterile disposable pipette, the pellet was transferred to a sterile 2 ml 
microcentrifuge tube and centrifuged at 18 000 g for 30 min at 4 °C. Ethanol was removed 
without disturbing the pellet and samples were left overnight at room temperature to evaporate 
any remaining supernatant.  
DNA extractions were performed in a dedicated low-quality DNA room. To monitor for 
contamination a negative control was included for each set of extractions. Samples were 
subjected to a classical DNA extraction using the Qiagen DNeasy Blood and Tissue Kit (spin-
column protocol) beginning at Step 3. Additionally, 3 x 50 µl AE buffer was used for the final 
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elution step. The DNA concentration of each PresDNA sample was quantified using a QUBIT® 
2.0 Fluorometer (dsDNA HS Assay) and stored at -20 °C until PCR amplification. 
2015 samples 
Approximately 250 mL of ethanol from each sample was vacuum filtered through a 47 mm 
diameter, 0.45 µm pore size, mixed-cellulose filters (Cole-Palmer, Montreal, QC, Catalog No. 
A045A047A). Multiple filters were used when filtration slowed. Each filter was then preserved 
in 95% ethanol and stored at -20 °C until extracted for DNA. 
DNA collected in the filters was extracted using the same methods as previously 
described for eDNA filters. Following the final elution several PresDNA samples were suspected 
to contain PCR inhibitors as they had a slight tint in colour. These samples were treated using the 
One Step ™ PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA, Catalog No. D6030) to 
remove contaminants that could inhibit amplification of PCR product. Approximately 100 µl of 
DNA was placed in a prepared spin column and centrifuged at 8 000 g for 1 min. This step was 
repeated until no colour remained. DNA concentrations were quantified using QUBIT® 2.0 
Fluorometer (dsDNA HS Assay) and stored at –20 °C until subsequent PCR amplification. 
Stomach homogenates 
Stomach homogenates from 20 O. mykiss, 20 C. aleuticus and eight S. malma were used for NGS 
analysis and were completed on two separate Ion Torrent sequencing runs. To avoid 
contamination, all extractions were performed in a dedicated low-quality DNA room. To monitor 
for contamination a negative control was included for each set of stomach content DNA 
extractions – no contamination was revealed. 
Stomach homogenate samples were centrifuged for 1 min at 20 000 x g (14 000 rpm) 
with excess ethanol being decanted and the stomach contents transferred into sterile 2 ml 
centrifuge tubes. Two 5/32’’ steel grinding beads were added to each 2 ml tube and shaken in the 
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Genogrinder for 5 min at 1500 oscillations · min–1. Grinding beads were removed with sterile 
forceps and approximately 200 µl of homogenized contents were transferred into sterile 1.5 ml 
centrifuge tube. Tubes were left open overnight at room temperature for residual ethanol to 
evaporate. Hereafter the stomach content samples were subjected to a standard DNA extraction 
using the Qiagen DNeasy Blood and Tissue Kit (spin-column protocol), with the slight 
modification of using 2 x 75 µl AE Buffer for the final elution step. DNA concentration of each 
bulk sample was quantified using a QUBIT® 2.0 Fluorometer (dsDNA HS Assay) and stored at  
-20 °C until PCR amplification. 
Selection of universal invertebrate primers  
To target a 157 bp fragment located at the 5’ end of the barcoding gene cytochrome c oxidase 
subunit I (COI), DNA was amplified using the general invertebrate COI forward primer (ZBJ F) 
published by Zeale et al. (2011) (Table 2.1). Because these primers were designed to capture a 
broad range of arthropod taxa, a reverse primer was designed to target the specific Orders found 
in our study streams, including Ephemeroptera, Plecoptera, Trichoptera, and Diptera (EPTD; 
A.C. Thielman, unpublished data). These primers were designed by aligning sequences from 12 
dominant Families from four different Orders (Baetidae, Ephemerellidae, Heptageniidae, 
Perlodidae, Chloroperlidae, Nemouridae, Rhyacophilidae, Hydropsychidae, Glossosomatidae, 
Simuliidae, Tipulidae, and Psychodidae) and manually selecting bases in the ZBJ-ArtR2c 
primer-binding region that were more similar to the sequences of the dominant stream taxa.  
Preparation for Ion Torrent Sequencing 
All samples were prepared for unidirectional sequencing on a PGM Ion Torrent Sequencer 
(Burlington, ON) using a two-step PCR amplification method that incorporates fusion primers 
designed at the University of Windsor, ON, Canada (D.D. Heath, University of Windsor, pers. 
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comm.). Two tailed end-sequences, UniA and UniB, were added to the end of primer sequences 
used in the current study – UniA onto the forward primer, ZBJ F; and UniB onto the reverse 
primer, EPT R (Table 2.1) – so that final amplicons contained both UniA and UniB. The UniA 
sequence was needed in the second PCR step to incorporate a IonA adaptor and a unique 10-base 
pair sequence, which was used to distinguish individual samples during analysis. The P1 adaptor 
bound to the UniB sequence and was required for correct attachment of prepared amplicons to 
the Ion Spheres, which rest in the wells of the semi-conductor chip and the IonA adaptor, the 
priming site for the sequencing reaction on the Ion Torrent chip (D.D. Heath, pers. comm.).  
For the first PCR amplification (PCR1), the target 157 bp COI sequences (plus UniA and 
UniB adaptor sequences) were amplified in 35 µl reaction volumes in triplicate using a Qiagen 
Multiplex PCR kit (Toronto, ON, Canada, Catalog No. 206143). PCR reactions from the first 
sequencing run were in 35 µl volume and contained 17.8 µl Multiplex MasterMix, 0.7 µl UniA-
tailed ZBJ forward primer (10 µM), 0.7 µl UniB-tailed EPT reverse primer (10 µM) and 15.8 µl 
combined of nuclease-free water and 20 ng extracted DNA. Samples from the second sequencing 
run were modified and contained 0.5 µl UniA-tailed ZBJ forward primer (10 µM), 0.5 µl UniB-
tailed EPT reverse primer (10 µM) and 16.2 µl combined of nuclease-free water and 20 ng 
extracted DNA. Also included were negative extraction and PCR controls   
PCR reactions were amplified at 95 °C for 15 min, 30 cycles of 94 °C for 30 s, 46 °C for 
60 s and 72 °C for 60 s, followed by a final extension at 72 °C for 10 min. PCR products were 
visualized on 2% TBE agarose gels stained with ethidium bromide to verify the presence of a 
single 235 bp band. PCR1 products were purified using Agencourt AMPure XP purification 
beads (Beckman and Coulter, Mississauga, ON, Catalog No. A63881) and the resulting DNA 
concentrations were quantified using a QUBIT® 2.0 Fluorometer (dsDNA HS Assay). 
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The second PCR amplifications (PCR2) were reactions in a 22.5 µl volume that 
contained 3.6 µl 10x Reaction Buffer, 1.5 µl MgCl2 (50 mM), and 0.15 µl Platinum Taq 
polymerase (5 U/ µl) (all from Invitrogen, Burlington, ON, Catalog No. 1096634), 0.75 µl 
dNTPs mix (10 mM) (New England Biolabs, Ipswich, Massachusetts, Catalog No. N0446s), 0.75 
µl IonA-UniA primer (10 µM) (IDT Technologies), and 0.75 µl P1-UniB primer (10 µM) (IDT 
Technologies). The amount of purified PCR1 product added to the reaction varied depending on 
concentration for a total mass of 30-50 ng of purified PCR1 product per reaction in the first Ion 
Torrent run and 20-30 ng in the second Ion Torrent run with the volume of nuclease-free water 
adjusted to a combined volume of 15 µl per run.  
PCR2 reactions were amplified at 94 °C for 2 min, 5 cycles of 94 °C for 30 s, 60 °C for 
30 s, and 72 °C for 60 s, followed by a final extension at 72 °C for 5 min. A subset of samples 
were confirmed using Experion DNA 1K Analysis kit (Bio-Rad, Mississauga, ON, Catalog No. 
7007107) to verify that the barcodes attached correctly to the PCR1 amplicons. The triplicates of 
each sample were then pooled (~60 µl), purified with Agencourt AMPure XP purification beads, 
and quantified using QUBIT® 2.0 Fluorometer (dsDNA HS Assay).  
Samples were normalized by pooling equimolar ratios of each, including approximately 
5 µl of each negative control which had DNA concentrations too low to be read by QUBIT® 2.0 
Fluorometer (or significantly lower than that of DNA samples). Two 40 µl aliquots of the final 
normalized COI amplicon library (all samples and positive/negatives controls) were then run on 
1.5% TAE agarose gels stained with ethidium bromide at: ~200 V for 1.5 h for Ion Torrent run 1 
and 100 V for 10 min then 150 V for 1 h 50 min for Ion Torrent run 2. Run time was increased 
while using a low voltage at this step to allow for sufficient separation of the 295 bp bands 
(amplicons plus all required adaptor sequences) from those containing amplicons with only one 
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adaptor sequence attached (255 and 275 bp). The 295 bp fragment was extracted from the gel by 
visualizing the bands on a UV-light box using a clean, sterile scalpel and the DNA purified using 
Qiagen MinElute Gel Extraction Kits (Toronto, ON, Canada, Catalog No. 28606). The purified 
DNA was analysed using the Experion DNA 1K Analysis Kit to verify successful excision of the 
correct band from the gel and to determine the concentration of the resulting COI amplicon 
library for submission to the Great Lakes Institute for Environmental Research (GLIER) Lab at 
the University of Windsor, Ontario where they were sequenced using a PGM Ion Torrent 
Sequencer using an Ion Torrent 318 chip. 
 
Table 2.1: List of primers used to amplify extracted DNA for next generation sequencing. The 
forward ZBJ forward primer (ZBJ-F) is from Zeale et al. (2011) and the reverse EPT primer 
(EPT-R) was specifically designed as a degenerate primer to amplify the COI gene for common 
aquatic invertebrates in central British Columbia. UniA and UniB sequences included within the 
ZBJ-F and EPT-R primers are shown in bold. Primer P1UniB was attached to the amplified 
product in the PCR2 step.  
Name Sequence Sequence 
length 
ZBJ-F: UniA_ZBJ-ArtF1c ACCTGCCTGCCGAGATATTGGAACWTTATATTTTATTTTTGG 
157 
EPT-R: UniB_EPTD4d ACGCCACCGAGCACTAAYCARTTNCCRAAHCCHCC 
P1UniB CCTCTCTATGGGCAGTCGGTGATACGCCACCGAGC - 
 
 
Sequence analysis 
Two Ion Torrent (IT) runs produced 8,015,369 raw sequences from all Chist Creek samples – 
144 stomach homogenate samples produced 5,230,604 sequences, 36 eDNA samples produced 
1,181,870 sequences, and 36 PresDNA samples produced 1,602,895 sequences. Sequence 
cleaning and clustering into operational taxonomic units (OTUs) was performed using 
USEARCH v.8.1 (Edgar 2010) where all samples of a similar type – stomach homogenates, 
eDNA or PresDNA – were combined for individual analysis. Primers were removed in silico and 
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barcodes were relabelled from reads of each sequencing run fastq file. The two were then 
concatenated for subsequent analysis. Sequences were truncated to 157 bp to align with the 
target region of COI and filtered to an expected error threshold of 0.4. The expected error value 
is the sum of each base pair quality score of a read, indicating a probability that a nucleotide was 
incorrectly assigned within that read. The reads were dereplicated and chimeras discarded from 
the sequence data set using the UPARSE algorithm (Edgar 2013). Using the cluster_otus 
command of UPARSE, each quality filtered read was compared to representative sequences for 
each OTU and binned using a 97% identity threshold. Combined with the embedded sample 
name all reads contained sufficient information for the creation of an OTU table for each sample 
type, with filtering resulting in the retention of 40.8% of the stomach homogenate samples, 
19.5% of the eDNA samples and 38.2% of the PresDNA samples (Table 2.2). 
To reduce uncertainty associated with unequal sequencing depths between each of the IT 
runs, data was rarefied 10 times to the read count of one of the least read-rich samples – Stomach 
homogenates: 4000 sequences, eDNA: 1834, PresDNA: 3000 sequences (Appendix, Table A2.1 
- Table A2.4) using the GUnifrac (Chen 2012) package in R, version 3.2.2 (R Core Team 2013). 
Replicates which contained a sequence count below these thresholds were removed from OTU 
tables during this step. I determined, however, these low sequence counts were a result of poor 
sequencing and the samples contained relevant data because the taxa detected were similar to 
other replicates of a fish and of other individual fish. Therefore, I reinserted these replicates into 
the tables once rarefying was complete. Using PCR replicates as indicators of reliable OTU 
detection, OTUs for a sample were removed if they were present in a single replicate only. OTUs 
present in at least two replicates of a sample were retained and sequence counts were evaluated 
using the average read of the replicates. By eliminating OTUs which were present in only a 
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single replicate of a given sample, the total number of OTUs and sequences was further reduced 
(Table 2.2).  
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Table 2.2: Reduction of environmental DNA reads from Chist Creek sequenced by Ion Torrent next generation sequencing and 
subjected to initial filtering parameters using USEARCH v.8.1 (Edgar 2010). Total sequences retained for each year and the 
corresponding percent of total raw sequences are shown. Samples were prepared in triplicate for fish stomach homogenates for C. 
aleuticus, O. mykiss and S. malma (n=20, 20, and 8 respectively), eDNA (n=12) and PresDNA preservative from Surber samples 
(n=12). Negative controls were removed from totals. 
  
C. aleuticus S. malma O. mykiss eDNA PresDNA 
Sequences 
OTUs 
Sequences 
OTUs 
Sequences 
OTUs 
Sequences 
OTUs 
Sequences 
OTUs 
  n % n % n % n % n % 
Raw OTU Table 
2014 599445 11.5 290 464988 8.9 276 523060 10.0 338 166533 14.1 1458 464598 29.0 555 
2015 239137 4.6 235 18236 0.3 80 247707 4.7 257 57155 4.8 902 88292 5.5 385 
Rarefied and Averaged 
2014 103877 2.0 179 79944 1.5 195 99867 1.9 222 32121 2.7 897 50783 3.2 348 
2015 119953 2.3 220 11996 0.2 71 115970 2.2 215 33201 2.8 810 51046 3.2 342 
Replicates combined 
2014 37489 0.7 78 26961 0.5 106 36254 0.7 113 10499 0.9 423 17319 1.1 172 
2015 39747 0.8 105 3975 >0.1 31 38342 0.7 95 10799 0.9 382 17050 1.1 200 
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Taxonomic Assignment of OTUs 
A blastn search (default parameters; (Altschul et al. 1997) was conducted for representative 
sequences of each OTU. Alignment results were saved as a text file and imported into MEGAN 
v.6.5.8 (Huson et al. 2016) where sequences with ≥ 97% match were exported at the lowest 
matched taxonomic level. Taxonomic verification was conducted on all taxa not assigned to 
genus or species by comparing all representative sequences to the Biodiversity of Life Database 
(BOLD) version 3 (Ratnasingham and Hebert 2007) with similarities ≥ 97% considered to be 
adequate for taxonomic identification. OTUs which were assigned to identical taxa were 
combined with their read counts being summed, and those which did not produce a single result 
(no hit) or were not ≥ 97% matched (not assigned) were omitted from further analysis.  
Analysis  
I created species accumulation curves to help understand if my sampling depth was 
sufficient to adequately detect all taxa. This was accomplished using the specaccum function 
(exact method) from the Vegan package (Oksanen et al. 2017) in R, version 3.2.2 (R Core Team 
2013). Alpha diversity provides an easily interpretable metric for the diversity of taxa observed. I 
calculated alpha diversity for each sample type and year as being the number of unique taxa 
identified. Average alpha diversity was calculated as the mean number of taxa detected in all the 
replicates for a given sample type and year. Beta diversity provides an indication of the level of 
evenness within a sample type. I used beta diversity to compared between samples, showing a 
relative comparison of the variability present within each sample type. I calculated beta diversity 
using the betadiver function from the Vegan package (Oksanen et al. 2017) in R, version 3.2.2 
(R Core Team 2013).  
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Beta diversity (Whittaker 1960) was calculated according to: 
𝛽 =
𝑏 + 𝑐
2𝑎 + 𝑏 + 𝑐
 
where a is the number of taxa shared by the two samples with b and c being the number of taxa 
unique to each sample. β is a between 0 and 1, 0 suggesting a complete overlap in taxonomic 
composition and 1 that the two samples have no taxa in common. Mean beta diversity for each 
sample type was calculated from pairwise comparisons of all individual samples. 
Taxonomic composition of Chist Creek samples was described at the genus and species 
level to understand the diversity at the lowest taxonomic ranks that were achieved. Taxa were 
grouped by Order and sorted by their detection prevalence in the sample types and years. Venn 
diagrams (Heberle et al. 2015) were created to visualize how the taxonomic composition related 
in the different sample types and years.   
Statistical analyses were performed at the lowest possible taxonomic assignment on 
matrices transformed to presence/absence using PC-Ord v.6.08 (McCune and Mefford 2011). 
Analyses were also run excluding rare taxa (detected in < 2 samples). This exclusion criteria 
reduced the number of taxa from 181 to 98 but observed differences in taxonomic composition 
between sample types did not change. Non-metric multidimensional scaling (MDS) was 
performed to compare the difference in taxonomic composition between sample types and year. 
MDS is a rank-based ordination, meaning that although distances between sample units are 
calculated, the distance matrix is converted to a system that ranks the samples based on their 
dissimilarity (Minchin 1987) The ranked data were used as the target order while iteratively 
reassessing samples to achieve the same rank. The result was plotted with an optimal 
dimensionality to limit stress – a measure of monotonicity in the dissimilarity of the original 
space and the reduced final dimensionality space . MDS was first run in PC-Ord v.6.08 applying 
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default parameters on autopilot mode (slow and thorough) with Sorensen distance measure and 
without penalizing ties. This approach generated a three-dimensional solution as optimal for 
minimizing stress with the lowest dimensionality. The MDS was then rerun for visual 
interpretation with the proper dimensionality, one run with real data, no step down in 
dimensionality, and the starting coordinates referenced from the appropriate GPH file created 
during the initial run.  
Two-way hierarchical cluster analysis was then performed to determine if consistent 
clustering patterns of taxonomic composition were observed using an alternate method. Flexible 
beta-group linkage method and Sorensen distance measure were used without relativizing the 
data matrix. Flexible beta linkage with β = –0.25 was selected because it tends to minimize 
chaining between sample units compared to other linkage methods (McCune and Grace 2002). A 
second two-way hierarchical cluster analysis was performed which included only taxa which 
were present in 10% (n = 8) of the samples. This was used to determine if clustering patterns 
were consistent when only accounting for the most frequently detected taxa. 
Multi-response Permutation Procedure (MRPP) was used to confirm MDS and cluster 
analysis results. MRPP is a multivariate non-parametric technique for testing differences in 
sample groups based on within-group distances. It uses permutation procedures to assess if the 
observed within-group distances are significantly greater than what would be expected by 
chance. MRPP was conducted using Sorensen distance measure and groups were weighted with 
n/sum(n). To reduce Type 1 error, a Bonferroni correction was applied to significance values 
when multiple comparisons were made with the same dataset. 
Indicator Species Analysis (ISA) (Dufrêne and Legendre 1997) was performed in PC-Ord 
v.6.08 using default parameters with a randomization test to determine which species from each 
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sample type were responsible for observed group distances. ISA was used to identify taxa which 
were indicators of diet for a fish species, composition of an environmental sample, or for a given 
year. Indicator Values (IV) ranging from 0 to 100 percent were calculated as a consistency 
measure for each species’ presence within a sample type group, with 100 meaning the species is 
only present in all replicates of one group and 0 meaning it was not present in the group. A 
Monte-Carlo permutation test was performed with 4999 iterations to assess statistical 
significance of all IVs as the likelihood of occurring by chance, with species of statistical 
significance summarized for each sample type. 
RESULTS 
An asymptote was not reached in any of the species accumulation curves (Figure 2.3), suggesting 
new taxa would be observed if I increased the sample size of each sample type. However, the 
curves for the two environmental samples, eDNA and PresDNA, neared an asymptote, indicating 
my sampling effort was close to sufficient to identifying all targeted invertebrates present in the 
sampling area.  
The greatest alpha diversity was observed from the eDNA samples (52 in 2014 and 42 in 
2015), with an average taxonomic detection approximately double that of PresDNA (25 in 2014 
and 28 in 2015) and triple most of the fish species (Figure 2.4). PresDNA samples produced 
higher average alpha diversity (2014 – 24; 2015 – 28) compared to the fish stomach 
homogenates, which consistently produced an average of approximately 15 taxa per fish species. 
Beta diversity was highest in the fish stomach homogenates with S. malma the highest of the fish 
species (Figure 2.5). Mean beta diversity of eDNA was lowest, indicating less variation in the 
observed taxa between eDNA replicates. There was a small difference in mean beta diversity 
between the two years, with 2015 providing slightly higher values.  
 70 
Taxon Composition – Lowest possible level 
I observed a total of 180 taxa from all Chist Creek samples collected in 2014 and 2015, with 
most assignable to taxonomic ranks of genus or species (Table 2.3). In total the greatest number 
of taxa unique to a sample type were identified in the stomach homogenate samples (53), 
compared to eDNA (38) and PresDNA (38; Figure 2.6A). Nearly half (48.9%) of all the taxa 
were detected in both 2014 and 2015 samples, with approximately 25% of the taxa as unique 
detections in each year (Figure 2.6B). 
I successfully identified 55 species and 74 unique genera within the 48 stomach 
homogenate samples (Figure 2.6C). Twenty-seven OTUs resulted in no hits and 127 OTUs were 
not assigned due to low matches. Twelve PresDNA samples produced a total of 40 species 
detections and 55 unique genera. Fifteen OTUs resulted in a no hit and 141 OTUs were not 
assigned. Twelve eDNA samples produced a total of 54 species detections and 77 unique genera. 
Sixty-four OTUs resulted in a no hit and 354 OTUs were not assigned. 
Examining the composition of taxa consumed by the three fish species in both years 
shows O. mykiss contained the greatest number of prey taxa overall (76) as well as the largest 
proportion of unique detections (22; Figure 2.6C). When separating the years there is 
considerable variation in the number of taxa detected in C. aleuticus and S. malma; taxa detected 
within stomach homogenates of C. aleuticus increased from 40 in 2014 to 57 in 2015 and in S. 
malma decreased from 53 in 2014 to 29 in 2015 (Figure 2.6D and E). 
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Figure 2.3: Species accumulation curves and 95% confidence intervals for samples collected in 
2014 and 2015 from Chist Creek: Stomach homogenates from C. aleuticus (n=20), S. malma 
(n=8) and O. mykiss (n=20), PresDNA samples (n=12) and eDNA samples (n=12). 
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Figure 2.4: Alpha diversity represented as the number of taxa detected in 2014 and 2015 from 
Chist Creek, B.C. fish stomach homogenates from C. aleuticus (n=20), S. malma (n=8) and O. 
mykiss (n=20), PresDNA samples (n=12) and eDNA samples (n=12). Grey dots indicate the 
number of taxa detected in individual samples and open circles indicate the average alpha 
diversity (±SE). 
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Figure 2.5: Beta diversity (Whittaker 1960) calculated for samples collected in 2014 and 2015 
from Chist Creek: Stomach homogenates from C. aleuticus (n=20), S. malma (n=8) and O. 
mykiss (n=20), PresDNA samples (n=12) and eDNA samples (n=12). The boxplots show the 
median, 25th and 75th percentiles and outliers. 
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Table 2.3: Number of taxonomic classifications detected and their levels of resolution from next 
generation sequencing analysis of all samples from 2014 and 2015 from Chist Creek that 
included the eDNA samples (n=12), PresDNA samples (n=12), and stomach homogenates from 
O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20). 
 Species Genus Family > Family Total 
Ephemeroptera 23 8 3 0 34 
Plecoptera 8 4 0 0 12 
Trichoptera 11 3 0 0 14 
Diptera 16 29 9 3 57 
Other 30 21 9 3 63 
Total 88 65 21 6 180 
 
  
 75 
A – Sample type B – Yearly 
  
 
C – Fish species 
 
 
D – Fish species 2014 
 
 
E – Fish species 2015 
 
 
Figure 2.6: Venn diagrams depicting overlap in taxa observed in fish and environmental samples 
collected in 2014 and 2015 from Chist Creek, B.C. (A) from the three types of environmental 
samples from 2014 and 2015 – Fish stomach homogenates, eDNA and PresDNA (B) in the two 
sampling years – 2014 and 2015 (C) from each of the fish species – C. aleuticus (n=20), S. 
malma (n=8) and O. mykiss (n=20) (D) in 2014 from each of the fish species – C. aleuticus 
(n=10), S. malma (n=7) and O. mykiss (n=10), and (E) in 2015 from each of the fish species – C. 
aleuticus (n=10), S. malma (n=1) and O. mykiss (n=10).  
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Taxon Composition – genera and species 
Ephemeroptera, Plecoptera, Trichoptera, and Diptera (EPTD) 
Taxonomic classification of quality-checked, clustered COI sequence data generated 102 unique 
genus or species level EPTD taxa from all samples and years, belonging to 31 Families. 
Ephemeroptera had the greatest number of unique species level matches with 23, followed by 
Diptera, Trichoptera and Plecoptera with 16, 11, and eight respectively - dipteran taxa were 
largely identified to genus (Figure 2.7). The proportion and number of genus and species level 
classifications were relatively consistent across sample types of each Order. The only exceptions 
to this were all the Trichoptera being assigned to species for O. mykiss and the large amount of 
other Orders observed from eDNA samples. The greatest range of genera and species detection 
was found from Diptera and Ephemeroptera – 45 and 31, respectively. Diptera contained the 
most detected Families with 14 (Table 2.4).  
eDNA and PresDNA both allowed detection of over half the taxa observed, 64.7% and 
62.7% respectively. Data from eDNA samples contained 13 taxa not detected in PresDNA 
samples while PresDNA samples contained 11 taxa not detected in eDNA samples. Of the 75 
unique taxa detected in the stomach homogenate samples, 31 were not detected in eDNA 
samples and 29 were not detected in PresDNA samples. eDNA and PresDNA methods detected 
an additional 27 taxa from Chist Creek which were not observed in fish diet; 22 in eDNA and 18 
in PresDNA. These 27 taxa contained six Families which were not observed in the diets of the 
three fish species – five Diptera, and one Trichoptera – with all Families detected in eDNA 
samples and three in PresDNA samples (Table 2.5 - Table 2.8). 
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Table 2.4: Number of unique Families, genera, and species observed from next generation 
sequencing analysis for the four most abundant Orders of aquatic invertebrates detected in 2014 
and 2015 from Chist Creek eDNA samples (n=12), PresDNA samples (n=12), and stomach 
homogenates from O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20). 
Order Family Genus species 
Ephemeroptera 6 12 23 
Plecoptera 5 11 8 
Trichoptera 6 11 11 
Diptera 14 39 16 
 
 
Table 2.5: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Ephemeroptera identified in Chist Creek eDNA samples (n=12), 
PresDNA samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. malma 
(DV; n=8) and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓).   
Family Genus species eDNA PresDNA RBT DV CAL 
Ameletidae Ameletus   ✓✓ ✓✓ ✓✓ 
Ameletidae Ameletus cooki ✓✓ ✓ ✓✓ ✓ ✓✓ 
Ameletidae Ameletus pritchardi ✓✓ ✓✓ ✓✓  ✓✓ 
Ameletidae Ameletus similior ✓ ✓    
Ameletidae Ameletus suffusus ✓✓ ✓    
Ameletidae Ameletus validus ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Baetidae Acentrella insignificans ✓  ✓  ✓ 
Baetidae Acentrella turbida ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Baetidae Baetis ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Baetidae Baetis bicaudatus ✓✓ ✓ ✓✓ ✓ ✓ 
Baetidae Baetis tricaudatus  ✓ ✓✓ ✓ ✓✓ 
Baetidae Diphetor hageni  ✓    
Caenidae Caenis eglinensis   ✓✓ ✓ ✓✓ 
Ephemerellidae Drunella  ✓✓ ✓✓ ✓ ✓ 
Ephemerellidae Drunella coloradensis ✓✓ ✓✓ ✓✓  ✓✓ 
Ephemerellidae Drunella doddsii ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Ephemerellidae Drunella grandis ✓ ✓    
Ephemerellidae Ephemerella ✓✓ ✓✓ ✓✓ ✓ ✓ 
Ephemerellidae Ephemerella dorothea  ✓    
Ephemerellidae Ephemerella tibialis ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Heptageniidae Cinygma ✓✓ ✓    
Heptageniidae Cinygmula ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Heptageniidae Cinygmula mimus ✓✓ ✓✓ ✓ ✓ ✓✓ 
Heptageniidae Epeorus ✓ ✓ ✓✓ ✓ ✓✓ 
Heptageniidae Epeorus deceptivus ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Heptageniidae Epeorus longimanus ✓✓ ✓✓ ✓✓ ✓ ✓✓ 
Heptageniidae Rhithrogena uhari ✓✓ ✓    
Leptophlebiidae Paraleptophlebia ✓ ✓✓ ✓   
Leptophlebiidae Paraleptophlebia debilis ✓  ✓ ✓  
Leptophlebiidae Paraleptophlebia heteronea  ✓    
Leptophlebiidae Paraleptophlebia memorialis  ✓    
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Table 2.6: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Plecoptera identified in Chist Creek eDNA samples (n=12), PresDNA 
samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. malma (DV; n=8) 
and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓).   
Family Genus species eDNA PresDNA RBT DV CAL 
Capniidae Eucapnopsis brevicauda ✓✓ ✓✓ ✓   
Chloroperlidae Alloperla serrata ✓✓ ✓    
Chloroperlidae Plumiperla diversa ✓✓ ✓    
Chloroperlidae Suwallia ✓ ✓✓ ✓ ✓ ✓✓ 
Chloroperlidae Sweltsa ✓✓ ✓✓ ✓✓ ✓✓ ✓✓ 
Nemouridae Zapada haysi   ✓✓ ✓  
Perlodidae Skwala compacta  ✓   ✓✓ 
Perlodidae Isoperla ✓✓ ✓✓ ✓✓  ✓ 
Perlodidae Isoperla sobria    ✓  
Perlodidae Kogotus ✓✓ ✓✓ ✓✓ ✓ ✓✓ 
Perlodidae Megarcys signata ✓  ✓ ✓ ✓ 
Taeniopterygidae Doddsia occidentalis ✓✓ ✓✓   ✓ 
 
 
 
Table 2.7: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Trichoptera identified in Chist Creek eDNA samples (n=12), PresDNA 
samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. malma (DV; n=8) 
and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓).   
Family Genus species eDNA PresDNA RBT DV CAL 
Glossosomatidae Glossosoma ✓✓ ✓    
Hydropsychidae Arctopsyche grandis ✓✓ ✓ ✓ ✓ ✓ 
Hydropsychidae Hydropsyche  ✓    
Hydropsychidae Parapsyche elsis     ✓ 
Hydroptilidae Agraylea saltesea     ✓ 
Hydroptilidae Stactobiella delira   ✓   
Lepidostomatidae Lepidostoma cascadense ✓ ✓ ✓ ✓  
Lepidostomatidae Lepidostoma roafi ✓     
Limnephilidae Dicosmoecus atripes ✓✓ ✓  ✓ ✓ 
Limnephilidae Onocosmoecus unicolor  ✓  ✓ ✓ 
Limnephilidae Psychoglypha subborealis   ✓   
Rhyacophilidae Rhyacophila    ✓ ✓ 
Rhyacophilidae Rhyacophila hyalinata ✓     
Rhyacophilidae Rhyacophila vocala ✓     
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Table 2.8: Summary of next generation sequencing results indicating Families, genera and 
species from the Order Diptera identified in Chist Creek eDNA samples (n=12), PresDNA 
samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. malma (DV; n=8) 
and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓).   
Family Genus species eDNA PresDNA RBT DV CAL 
Agromyzidae Phytomyza chaerophylli ✓✓ ✓    
Blephariceridae Philorus ✓     
Calliphoridae Lucilia ✓     
Chironomidae Ablabesmyia americana     ✓ 
Chironomidae Brillia ✓ ✓  ✓ ✓ 
Chironomidae Corynoneura ✓ ✓ ✓  ✓ 
Chironomidae Corynoneura lobata ✓     
Chironomidae Cricotopus ✓ ✓✓  ✓  
Chironomidae Diamesa bertrami ✓ ✓ ✓ ✓ ✓ 
Chironomidae Eukiefferiella ✓✓   ✓ ✓ 
Chironomidae Heterotrissocladius    ✓  
Chironomidae Krenopelopia    ✓  
Chironomidae Limnophyes brachytomus ✓     
Chironomidae Micropsectra ✓ ✓ ✓  ✓ 
Chironomidae Orthocladius ✓✓ ✓✓ ✓ ✓ ✓✓ 
Chironomidae Orthocladius excavatus  ✓ ✓ ✓  
Chironomidae Parametriocnemus ✓ ✓  ✓  
Chironomidae Paraphaenocladius ✓✓ ✓ ✓✓ ✓✓ ✓✓ 
Chironomidae Phaenopsectra   ✓   
Chironomidae Polypedilum albicorne ✓✓ ✓✓ ✓✓ ✓✓ ✓ 
Chironomidae Polypedilum pedestre    ✓  
Chironomidae Pseudodiamesa   ✓  ✓ 
Chironomidae Rheotanytarsus ✓ ✓✓    
Chironomidae Stempellinella ✓✓ ✓✓ ✓ ✓ ✓ 
Chironomidae Thienemannimyia    ✓ ✓ 
Chironomidae Zavrelimyia    ✓  
Deuterophlebiidae Deuterophlebia ✓ ✓✓ ✓✓  ✓✓ 
Dolichopodidae Chrysotus ✓ ✓    
Empididae Chelifera   ✓   
Limoniidae Antocha ✓✓ ✓✓  ✓ ✓ 
Limoniidae Hexatoma ✓ ✓✓    
Limoniidae Limonia nubeculosa    ✓  
Muscidae Musca    ✓  
Muscidae Spilogona suspecta  ✓    
Pediciidae Dicranota   ✓  ✓ 
Simuliidae Helodon onychodactylus ✓ ✓ ✓  ✓ 
Simuliidae Prosimulium ✓ ✓    
Simuliidae Simulium ✓✓ ✓ ✓✓ ✓✓ ✓✓ 
Simuliidae Simulium arcticum   ✓✓ ✓ ✓ 
Simuliidae Simulium malyschevi ✓✓ ✓ ✓✓ ✓✓ ✓✓ 
Tabanidae Chrysops ✓     
Tachinidae Euclytia flava   ✓   
Tachinidae Winthemia Janzen   ✓   
Tipulidae Tipula   ✓✓   
Tipulidae Tipula tenuilinea ✓     
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Figure 2.7: The number of Operational Taxonomic Unit (OTU) sequences assigned to the level 
of genus (closed bars) and species (open bars) for the major Orders of aquatic invertebrates 
detected in 2014 and 2015 from Chist Creek fish stomach homogenates from C. aleuticus 
(n=20), S. malma (n=8) and O. mykiss (n=20), PresDNA samples (n=12), and eDNA samples 
(n=12). 
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Non-EPTD 
Fifty-one genera and species were detected from non-EPTD Orders (Table 2.9). The proportion 
of taxa detected remained relatively unchanged for eDNA (64.1%), with the inclusion of these 
additional taxa, however, PresDNA only accounted for 48.4% of taxonomic detections. Even 
though approximately 40% of all taxa were detected within each fish species, combining all 
stomach homogenate detections accounts for nearly as many different taxa as eDNA (63.4%). 
Order Summaries 
EPHEMEROPTERA: The majority of genus and species level taxonomic detections for 
Ephemeroptera were found in the eDNA and PresDNA samples. Thirty-one taxa within the 
Ephemeroptera were identified over the course of the two years; 22 were detected as prey items 
of fish. Twenty-six of the taxa were detected in both years, with only five being identified in a 
single year – two in 2014 and three in 2015. There was considerable overlap of Ephemeroptera 
prey among the three species of fish. All 22 taxa were detected in the diet of O. mykiss, 20 were 
found in the diet of C. aleuticus, and 18 in the diet of S. malma. An Ameletus sp. and Caenis 
eglinensis were the only taxa not detected by eDNA and PresDNA that were both present in all 
fish species. Two species of Ameletus, however, were detected within all samples while C. 
eglinensis was the only taxon detected within the Family Caenidae (Table 2.5). 
eDNA and PresDNA analysis detected all but four taxa identified in the stomach 
homogenates, while detecting four (eDNA) and eight (PresDNA) additional species level taxa 
respectively. PresDNA analysis detected four taxa that were exclusively observed by this 
approach, while none were unique to eDNA. These two methods combined to detect nine unique 
taxa, belonging to seven genera, two of which did not appear within the fish. Of the seven genera 
containing eight unique species-level identifications from eDNA and PresDNA, six appeared in 
the fish as a genus level match – Ameletus, Drunella, Ephemerella, and Paraleptophlebia. In 
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total eDNA analysis did not detect eight taxa, four of which were present in the fish diet, while 
PresDNA analysis did not detect four taxa, all being detected within the fish diet (Table 2.5). 
PLECOPTERA: Similar to the Order Ephemeroptera, the majority of OTUs within Plecoptera 
were detected in eDNA and PresDNA samples. There were 12 Plecoptera taxa identified from 
the samples; 10 were found in the stomach homogenates, accounting for nine genera. Three 
plecopteran taxa were observed the diets of all fish, with seven taxa observed in the diet of O. 
mykiss and C. aleuticus, and six taxa in the diet of S. malma. Only a single taxon, Isoperla 
sobria, was not detected in both years, with the majority being identified within one sample type 
each year – in addition to I. sobria, Megarcys signata was not detected in at least a single sample 
type in both years (Table 2.6). 
Two Plecoptera species which were observed in the fish stomach homogenates were not 
detected in eDNA or PresDNA, however one was present at the genus level in both. An 
additional taxon (M. signata) was present only in eDNA in 2014, then in 2015 it was only found 
in fish diets. Two taxa (Alloperla serrata and Plumiperla diversa) were unique to eDNA and 
PresDNA, but PresDNA analysis failed to detect them in 2014. Both of these species were also 
uniquely observed by these two sampling methods. Two Families were detected in both years in 
eDNA and PresDNA samples while only being observed as prey items in a single year – 
Capniidae and Taeniopterygidae (Table 2.6). 
TRICHOPTERA: A total of 14 Trichoptera were detected within Chist Creek, belonging to six 
Familes and 11 genera. Although nine taxa were identified from the eDNA or PresDNA samples, 
only four of these were detected as fish prey – four from S. malma, three from C. aleuticus, and 
two from O. mykiss. Five taxa were unique to the stomach homogenates with Hydroptilidae 
being exclusively detected in fish diets. Two species of Rhyacophila were detected in eDNA in 
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2014 while that genus was present in S. malma diets the same year. Only a single taxon was 
detected in each sample type within a given year – Arctopsyche grandis in 2051 – while 
Lepidostoma cascadense was present in both environmental samples and in the diets of two fish 
species in 2014 (Table 2.7). 
Consistency of taxonomic detection within a sample type was not observed between 
years with only three taxa being detected in both years, A. grandis, Dicosmoecus atripes and 
Glossosoma in eDNA. Two additional taxa were detected in both years from different sample 
types, Onocosmoecus unicolor and Rhyacophila (Table 2.7). 
DIPTERA: Diptera was the Order with the greatest range of detected aquatic invertebrates with 
45 total taxa, belonging to 14 Families and 23 genera. Twenty-three of the observed taxa were 
from the Family Chironomidae. Thirty-three taxa were prey items for the fish, eight being 
present in diets of all three fish species and seven that were detected in all fish diets from a given 
year. S. malma consumed 21 taxa, O. mykiss 20, and C. aleuticus 19 across both years. Only 11 
species-level identifications were made from the stomach homogenates, while 16 taxa were 
exclusive to fish. The genus Tipula was present in O. mykiss while also being identified to the 
species level (T. tenuilinea) in eDNA samples (Table 2.8). 
The greatest range of detected Diptera taxa were found in eDNA samples (27), while also 
revealing six taxa unique to this approach. eDNA analysis revealed seven taxa which were not 
found in PresDNA samples with only one, Eukiefferiella, also being detected in fish diets. 
PresDNA detections accounted for 22 taxa, only one of which was unique to this sampling 
method. Combined, eDNA and PresDNA accounted for 12 taxa which were not detected from a 
stomach homogenate (Table 2.8). 
 84 
OTHER ORDERS: An additional 26 Orders were detected in the Chist Creek samples 
representing 40 Families and 44 total taxa. Lepidoptera and Haplotaxida (Phylum Annelida) 
were represented by six taxa each; and Coleoptera and Hemiptera with five taxa each. eDNA 
detections accounted for the majority of the taxa (32) while PresDNA methods detected less than 
a quarter (10). The stomach homogenates combined to allow detection of half the taxa. Only 18 
of the 44 taxa were detected in both years. eDNA contributed most to this consistency with 14 
taxa being detected each year, while PresDNA and fish each only accounted for two. eDNA 
analysis detected 20 taxa which the other samples failed to detect, with fish accounting for 17 
unique taxa and PresDNA analysis only two unique taxa (Table 2.9). 
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Table 2.9: Summary of next generation sequencing results indicating Families, genera and species from all other Orders identified in 
Chist Creek eDNA samples (n=12), PresDNA samples (n=12), and stomach homogenates from O. mykiss (RBT; n=20), S. malma 
(DV; n=8) and C. aleuticus (CAL; n=20). Detection in 2014 (✓) and 2015 (✓).    
Order Family Genus species Common name eDNA PresDNA RBT DV CAL 
Adinetida Adinetidae Adineta vaga rotifer  ✓    
Anura Megophryidae Oreolalax nanjiangensis Nanjiang toothed toad ✓     
Araneae Pimoidae Pimoa altioculata spider    ✓  
Batrachospermales Batrachospermaceae Batrachospermum red algae ✓✓ ✓✓  ✓  
Batrachospermales Lemaneaceae Lemanea red algae ✓     
Coleoptera Carabidae Diplous aterrimus beetle   ✓   
Coleoptera Chrysomelidae Chrysomela leaf beetle ✓✓     
Coleoptera Dytiscidae Sanfilippodytes diving beetle    ✓  
Coleoptera Elateridae Megapenthes click beetle   ✓   
Coleoptera Staphylinidae Dianous nitidulus rove beetle   ✓   
Collembola Bourletiellidae Bourletiella springtail ✓     
Decapoda Diogenidae Calcinus isabellae hermit crab ✓✓     
Decapoda Palaemonidae Periclimenes shrimp ✓✓ ✓✓    
Diplostraca Moinidae Moina crustacean ✓     
Eupulmonata Arionidae Prophysaon andersoni slug ✓  ✓   
Eustigmatales Monodopsidaceae Monodopsis algae ✓✓ ✓    
Haplotaxida Lumbricidae Dendrobaena octaedra earthworm ✓✓  ✓  ✓ 
Haplotaxida Lumbricidae Lumbricus earthworm ✓✓  ✓  ✓✓ 
Haplotaxida Lumbricidae Octolasion tyrtaeum earthworm ✓✓ ✓    
Haplotaxida Lumbricidae Dendrodrilus rubidus earthworm   ✓ ✓  
Haplotaxida Lumbricidae Lumbricus rubellus earthworm   ✓  ✓✓ 
Haplotaxida Lumbricidae Dendrobaena earthworm     ✓ 
Haplotaxida Tubificidae Chaetogaster diastrophus earthworm ✓ ✓    
Hemiptera Aphididae Aphis aphid ✓ ✓    
Hemiptera Cicadellidae Balclutha punctata leafhopper     ✓ 
Hemiptera Miridae Orthops scutellatus plant bug ✓     
Hemiptera Pentatomidae Podisus brevispinus stink bug ✓     
Hemiptera Pentatomidae Podisus stink bug   ✓   
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Table 2.9: Continued. 
Order Family Genus species Common name eDNA PresDNA RBT DV CAL 
Hymenoptera Tenthredinidae Monsoma pulveratum green alder sawfly ✓✓  ✓ ✓  
Lepidoptera Crambidae Agriphila ruricolella lesser vagabond sod webworm 
moth 
  ✓   
Lepidoptera Crambidae Agriphila ruricolellus lesser vagabond sod webworm 
moth 
  ✓   
Lepidoptera Geometridae Lambdina fiscellaria hemlock looper moth ✓     
Lepidoptera Noctuidae Apamea vultuosa airy apamea moth   ✓   
Lepidoptera Tortricidae Archips tortrix moth    ✓  
Lepidoptera Tortricidae Archips grisea gray archips moth    ✓  
Neuroptera Hemerobiidae Hemerobius lacewing ✓     
Ophiurida Ophiuridae Ophiopallas paradoxa brittle star ✓     
Oribatida Camisiidae Camisia mite ✓✓     
Ostracoda Ostracoda Ostracoda seed shrimp ✓✓ ✓    
Peronosporales Phytophthora Phytophthora oomycetes ✓     
Peronosporales Phytophthora Phytophthora cambivora oomycetes ✓     
Peronosporales Phytophthora Phytophthora insolita oomycetes ✓✓     
Poales Poaceae Poa compressa Canada bluegrass ✓     
Podocopida Podocopida Podocopida ostracod  ✓    
Psocoptera Amphipsocidae Teliapsocus conterminus booklice ✓     
Psocoptera Caeciliusidae Valenzuela flavidus booklice ✓     
Psocoptera Lachesillidae Lachesilla pedicularia booklice ✓     
Pythiales Pythiaceae Phytopythium citrinum water moulds ✓✓ ✓    
Pythiales Pythiaceae Pythium oomycetes ✓✓     
Salmoniformes Salmonidae Salmo salar Atlantic salmon   ✓ ✓  
Trombidiformes Lebertiidae Lebertia water mite    ✓ ✓ 
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Comparison of Taxonomic Composition Between Sample Types 
Multidimensional scaling ordination shows separation in taxonomic composition between the 
three sample types – fish, PresDNA and eDNA – with most of this variation being explained 
along Axis 1 (r2 = 0.46; Figure 2.8). Temporal variation appears to be present within all the 
samples with the two sampling years separating along Axis 2 (r2 = 0.23). Subtle overlap between 
2014 PresDNA and fish is apparent, while no clear sample unit clusters based on fish species 
were visible, with the exception of slight separation in 2015 between C. aleuticus and O. mykiss. 
eDNA sample units cluster together more tightly than the units of other sample types, suggesting 
less variation in taxon detection among eDNA samples.  
Two-way hierarchical cluster analysis indicates sample type groupings consistent with 
those observed in the MDS ordination, with the 2014 PresDNA samples clustering with 2014 
fish samples. eDNA samples cluster together as the most uniform (in taxon composition) and 
distinct group, with little variation among years. No strong clustering by fish species and 
sampling year is visible in the dendrogram, although small sub-clusters are apparent for a portion 
of 2014 and 2015 fish. Clustering of eDNA appears to be driven by the detection of 
approximately 40 of the 57 most frequently detected taxa, mostly affiliated with non-EPTD 
Orders. These taxa were not consistent in their temporal detection with many only appearing in a 
single year. The remaining 17 of these 57 taxa appear in both PresDNA and fish at a higher 
frequency, but a subset of these appear to uniquely cluster in PresDNA analysis, apart from the 
fish (Figure 2.9). Rerunning the two-way hierarchical cluster analysis that included only the most 
frequently detected taxa indicated that the taxonomic composition of PresDNA analysis were 
similar to those of the fish, while the eDNA samples remain clustered together. This approach 
also led to more defined clustering of the fish and PresDNA analysis by year. A large subset of 
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the taxa (O 2 to T 112) appears to be detected predominately in eDNA analysis and consists 
mainly of non-EPTD Orders (14 of 29). A small group of taxa which were present within fish 
appear to have not been detected by eDNA (O 152 to T 132), with six of these nine belonging to 
EPTD (Figure 2.10). 
MRPP of all detected taxa indicates significant differences between all comparisons of 
sample types, year, and combinations of sample types with year (Table 2.10). Pairwise 
comparisons between sample types, and most fish species and fish species by year were also 
significant (Table 2.11 - Table 2.13). Although MRPP determined significant difference between 
PresDNA samples by Year, PresDNA Site by Year, eDNA by Year, and eDNA Site by Year, all 
corresponding pairwise comparisons determined there to be no significant differences in each 
(Table 2.14; Table 2.15).  
Indicator Species Analysis (ISA) for the three sample types retrieved only one significant 
taxon for fish, nine for PresDNA and 51 for eDNA (Table 2.16). Indicator values (IV) were 
highest for taxa within eDNA samples, with Rhithrogena uhari, Cinygma, Phytopythium 
citrinum, and Calcinus isabellae all having IV > 90, whereas PresDNA had only one taxon with 
an IV > 50, Hexatoma (PresDNA; 61.4); none were observed for fish. All significant indicator 
taxa from fish and PresDNA belong to EPTD while 18 of the 51 taxa from eDNA were from 
non-EPTD Orders. ISA for taxonomic composition of fish diet and year retrieved Ephemeroptera 
species as indicators for C. aleuticus and O. mykiss in 2014. Lumbricus – as both Lumbricus and 
Lumbricus rubellus – was a consistently detected prey item for C. aleuticus in 2015. Although 17 
taxa were identified to be significant indicator species for the fish stomach contents in 2014 and 
2015, none had a high IV – no IV > 50 (Appendix, Table A2.5). ISA for the grouping of year 
determined that eight taxa were significant from 2014 and 12 from 2015 (Appendix, Table 
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A2.6). All IV for these taxa were low relative to those observed while testing by sample type, 
with only four IV > 50 – Epeorus longimanus (51.4) in 2014 and Micropsectra (57.6), 
Paraphaenocladius (54.2) and Arctopsyche grandis (52.1) in 2015. 
 
Table 2.10: Summary statistics for MRPP analysis of taxon composition between sample types 
and years from taxa identified in Chist Creek eDNA samples (n=12), PresDNA samples (n=12), 
and stomach homogenates (Fish) from O. mykiss (n=20), S. malma (n=8) and C. aleuticus 
(n=20). 
 T A p 
Sample Type -29.19 0.150 <0.001 
Year -10.1 0.036 <0.001 
Fish Species -3.26 0.020 0.003 
Fish Species by Year -8.71 0.080 <0.001 
PresDNA by Year -5.85 0.199 <0.001 
PresDNA Site by Year -3.30 0.217 0.004 
eDNA by Year -6.72 0.238 <0.001 
eDNA Site by Year -3.63 0.250 0.002 
 
Table 2.11: Summary statistics for MRPP pairwise comparisons of taxonomic composition 
between Chist Creek sample types - eDNA samples (n=12), PresDNA samples (n=12), and 
stomach homogenates (Fish) from O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20). 
Bonnferoni correct p value = 0.017. 
 T A p 
Fish vs eDNA -30.8 0.143 <0.001 
Fish vs PresDNA -14.1 0.051 <0.001 
eDNA vs PresDNA -11.7 0.187 <0.001 
 
Table 2.12: Summary statistics for MRPP pairwise comparisons of taxonomic composition 
between Chist Creek fish species’ stomach homogenates - O. mykiss (RB; n=20), S. malma (DV; 
n=8) and C. aleuticus (CAL; n=20). Bonnferoni correct p value = 0.017. 
 T A p 
CAL vs RB -2.56 0.0138 0.015 
CAL vs DV -1.69 0.0140 0.0609 
RB vs DV -2.60 0.0187 0.0133 
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Table 2.13: Summary statistics for MRPP pairwise comparisons of taxonomic composition 
between Chist Creek fish species’ stomach homogenates from 2014 and 2015 - O. mykiss (RB; 
n=20), S. malma (DV; n=8) and C. aleuticus (CAL; n=20). Bonnferoni correct p value = 0.005. 
 T A p 
CAL 2014 vs RB 2014 -2.51 0.027 0.014 
CAL 2014 vs DV 2014 -2.35 0.032 0.019 
CAL 2014 vs CAL 2015 -6.64 0.089 <0.001 
CAL 2014 vs RB 2015 -3.12 0.033 0.004 
RB 2014 vs DV 2014 -1.35 0.016 0.096 
RB 2014 vs CAL 2015 -7.52 0.096 <0.001 
RB 2014 vs RB 2015 -4.21 0.043 <0.001 
DV 2014 vs CAL 2015 -4.87 0.068 <0.001 
DV 2014 vs RB 2015 -5.72 0.072 <0.001 
CAL 2015 vs RB 2015 -3.36 0.040 0.004 
 
Table 2.14: Summary statistics for MRPP pairwise comparisons of taxon composition between 
Chist Creek PresDNA samples (n=12) by sampling year and site. Bonnferoni correct p value = 
0.00833. 
 T A p 
-200 2014 vs +200 2014 -0.22 0.015 0.333 
-200 2014 vs -200 2015 -2.50 0.197 0.026 
-200 2014 vs +200 2015 -2.84 0.330 0.022 
+200 2014 vs -200 2015 -2.20 0.158 0.034 
+200 2014 vs +200 2015 -2.60 0.209 0.025 
-200 2015 vs +200 2015 -0.52 0.030 0.286 
 
Table 2.15: Summary statistics for MRPP pairwise comparisons of taxon composition between 
Chist Creek eDNA samples (n=12) by sampling year and site. Bonnferoni correct p value = 
0.00833. 
 T A p 
-200 2014 vs +200 2014 -1.67 0.064 0.057 
-200 2014 vs -200 2015 -2.78 0.213 0.023 
-200 2014 vs +200 2015 -2.78 0.251 0.023 
+200 2014 vs -200 2015 -2.87 0.278 0.022 
+200 2014 vs +200 2015 -2.92 0.313 0.022 
-200 2015 vs +200 2015 0.46 -0.027 0.614 
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Table 2.16: Indicator species analysis showing significant (p<0.05) indicator species from three 
combined sample types from Chist Creek - eDNA samples (n=12), PresDNA samples (n=12), 
and stomach homogenates (Fish) from O. mykiss (n=20), S. malma (n=8) and C. aleuticus 
(n=20). 
Sample Taxon name Order IV p 
Fish Ameletus Ephemeroptera 39.6 0.0048 
PresDNA Hexatoma Diptera 61.4 0.0002 
Simulium Diptera 48 0.0012 
Chironomidae Diptera 44 0.0072 
Paraleptophlebia heteronea Ephemeroptera 39.7 0.0006 
Sweltsa Plecoptera 37 0.0318 
Prosimulium Diptera 34.7 0.0008 
Spilogona suspecta Diptera 25 0.0092 
Skwala compacta Plecoptera 21.4 0.0444 
 Rheotanytarsus Diptera 18.8 0.0272 
eDNA Rhithrogena uhari Ephemeroptera 92.3 0.0002 
 Cinygma Ephemeroptera 92.3 0.0002 
 Phytopythium citrinum Other 92.3 0.0002 
 Calcinus isabellae Other 91.7 0.0002 
 Dicosmoecus atripes Trichoptera 82.8 0.0002 
 Pythium Other 75 0.0002 
 Antocha Diptera 72.7 0.0002 
 Batrachospermum Other 69.6 0.0002 
 Glossosoma Trichoptera 67.5 0.0002 
 Alloperla serrata Plecoptera 67.5 0.0002 
 Periclimenes Other 67.2 0.0002 
 Isoperla Plecoptera 66.7 0.0002 
 Phytophthora insolita Other 66.7 0.0002 
 Baetis bicaudatus Ephemeroptera 66.1 0.0002 
 Ameletus pritchardi Ephemeroptera 65.8 0.0002 
 Monsoma pulveratum Other 62.7 0.0002 
 Octolasion tyrtaeum Other 59.3 0.0002 
 Baetidae Ephemeroptera 56.3 0.0002 
 Ameletus cooki Ephemeroptera 55.8 0.0002 
 Polypedilum albicorne Diptera 54.5 0.0004 
 Dendrobaena octaedra Other 54.4 0.0004 
 Kogotus Plecoptera 52.7 0.0004 
 Blephariceridae Diptera 50 0.0002 
 Phytophthora Other 50 0.0002 
 Chrysomela Other 50 0.0002 
 Cinygmula mimus Ephemeroptera 49.5 0.0008 
 Orthocladius Diptera 48 0.002 
 Megarcys signata Plecoptera 44.4 0.0004 
 Ephemerella Ephemeroptera 44 0.0044 
 Heptageniidae Ephemeroptera 43.6 0.0122 
 Ameletus suffusus Ephemeroptera 42.9 0.0004 
 Epeorus longimanus Ephemeroptera 42.1 0.021 
 Philorus Diptera 41.7 0.0002 
 Camisia Other 41.7 0.0008 
 Drunella doddsii Ephemeroptera 41 0.0194 
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Table 2.16: Continued. 
Sample Taxon name Order IV p 
 Drunella coloradensis Ephemeroptera 41 0.0214 
 Ostracoda Other 40.8 0.0008 
 Eukiefferiella Diptera 37.9 0.0012 
 Stempellinella Diptera 37.4 0.0066 
 Paraphaenocladius Diptera 37 0.0146 
 Doddsia occidentalis Plecoptera 36.3 0.006 
 Phytoseiidae Other 33.3 0.0012 
 Phytophthora cambivora Other 33.3 0.0012 
 Parametriocnemus Diptera 33.3 0.002 
 Eucapnopsis brevicauda Plecoptera 28.7 0.006 
 Psocidae Other 25 0.0086 
 Cecidomyiidae Diptera 25 0.0088 
 Lambdina fiscellaria Other 25 0.0096 
 Paraleptophlebia Ephemeroptera 22.5 0.0396 
 Plumiperla diversa Plecoptera 22.2 0.013 
 Lebertiidae Other 16.7 0.0484 
 
 
 
Figure 2.8: Non-metric multidimensional scaling (MDS) ordination of Chist Creek taxa 
identified through Ion Torrent next generation sequencing. Sequences detected in 2014 and 2015 
from stomach homogenates from C. aleuticus (n=20), S. malma (n=8) and O. mykiss (n=20), 
PresDNA samples (n=12), and eDNA samples (n=12). 
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Figure 2.9: Two-way cluster analysis of Chist Creek taxa (n=180) identified through Ion Torrent next generation sequencing. 
Sequences detected in 2014 and 2015 from stomach homogenates from C. aleuticus (n=20), S. malma (n=8) and O. mykiss (n=20), 
PresDNA samples (n=12), and eDNA samples (n=12).
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Figure 2.10: Two-way cluster analysis of Chist Creek taxa (n=62) which were detected in 
>10% (8) of the samples identified through Ion Torrent next generation sequencing. 
Sequences detected in 2014 and 2015 from stomach homogenates from C. aleuticus 
(n=20), S. malma (n=8) and O. mykiss (n=20), PresDNA samples (n=12), and eDNA 
samples (n=12). 
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DISCUSSION 
Considerable diversity of invertebrate taxa was identified in Chist Creek using 
environmental DNA from filtered water (eDNA), ethanol preservative from Surber 
samples (PresDNA) and fish stomach content homogenates. Sequencing of preservative 
ethanol can identify a large portion of the sampled invertebrate community (Hajibabaei et 
al. 2012) with a much greater ability to attain high taxonomic resolution - consequently 
metabarcoding represents an effective alternative to traditional morphological 
assessments of benthic invertebrate communities. My analysis of the PresDNA samples, 
therefore, provided a qualitative assessment of the biodiversity of benthic invertebrates in 
Chist Creek. Genetic analysis of eDNA in filtered water provided an even greater scope 
of the invertebrate community of Chist Creek compared with the PresDNA protocol. 
Similarly, the observed diversity of the major aquatic invertebrate taxa (Ephemeroptera, 
Plecoptera, Trichoptera, and Diptera) was greatest from eDNA samples compared to 
PresDNA. Such a result was not surprising as detections from the PresDNA samples were 
derived from a sampling method designed to target benthic invertebrates in flowing water 
which tend to be larvae or nymphs that are relatively sedentary. Consequently, Surber 
sampling may have missed benthic invertebrates that use alternate stream habitats such as 
pools, deep or very shallow sections of the stream or finer substrate, in addition to 
invertebrates which enter the stream from riparian areas. 
The greatest number of samples I assessed of a given type was 20 for two fish 
species, C. aleuticus and O. mykiss, yet the species accumulation curves still suggest that 
increasing n would result in the observation of new and unique taxa. This is most 
pronounced in the fish species and is consistent with the MDS results (Figure 2.8), as 
individual variation is high for the fish. Conversely both eDNA and PresDNA had 
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relatively little individual sample variation in the MDS with their corresponding species 
accumulation curves appearing to be nearing asymptotes. This indicates that as few as 12 
samples of eDNA and PresDNA can capture more taxa with less effort and that my 
environmental sampling is close to being representative of the invertebrate community in 
Chist Creek (Samways et al. 2010). 
Taxonomic diversity was higher in eDNA compared with PresDNA samples, 
partly due to the inclusion of terrestrial taxa, many belonging to Orders other than EPTD. 
The presence of these other taxa identified in only the eDNA samples exemplifies the 
ability and power of eDNA to give a more complete picture of the invertebrate 
community within the wetted stream ecosystem and even the surrounding riparian zones. 
The increased breadth of invertebrate taxa including terrestrial invertebrates provides a 
more comprehensive analysis of stream and riparian biodiversity and potential prey 
availability for fish. However, not all of these taxa will be prey for fish, with some 
appearing to be incorrect detections due to their known geographic range (Oreolalax 
nanjiangensis, Ophiopallas paradoxa and Salmo salar), so the overall relevance of the 
taxonomic community data obtained using eDNA should be carefully examined and 
virtually filtered for an accurate depiction of likely invertebrate prey availability. 
Of the three sample types, I detected the most taxa from the fish stomach 
homogenates. This result was not anticipated as the broad range of taxa within the 
environment was believed to lead to a greater number of taxonomic detections in eDNA. 
It is interesting, however, that when accounting for taxa at the genus and species level it 
appears as though the invertebrate composition from within fish is only a subset of that 
detected by eDNA and PresDNA – suggesting selectivity of prey from the invertebrate 
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community. The one exception to this trend is within Diptera, where the fish samples 
accounted for 16 taxa that the environmental approaches did not detect, including three 
Families. It is possible that fish may be preying on the most numerous invertebrates in the 
stream. This would imply a quantitative aspect for stream taxa abundance with those 
detected from the fish being a dominant component of the invertebrate community. 
Another solution is that fish may be eating terrestrial prey which happen to fall into the 
stream, and whose presence in the water would be minimal, making detection by eDNA 
less likely. 
Considerable overlap in consumed taxa was exhibited for most prey Orders 
among the three species of fish and was most apparent in the Order Ephemeroptera. This 
was unexpected as C. aleuticus are mainly benthic feeders (Brown et al. 1995), whereas 
salmonids predominantly feed on drift prey in the water column (Johansen et al. 2010) or 
on terrestrial inputs on the surface (Nakano et al. 1999a). Juvenile salmonids, such as 
those sampled in the present study, may not exhibit a typical drift or terrestrial feeding 
behaviour. (Domagała et al. 2015) found that juvenile salmonids exploited benthic 
invertebrates in addition to other taxa as prey items, suggesting that the juvenile salmonid 
diet may be similar to coastrange sculpin. However, when examining the presence of the 
16 dipteran taxa which were not detected in environmental sampling, 11 were only 
detected in a salmonid and not in C. aleuticus. Each of these 11 dipteran taxa have a 
terrestrial life stage so it is possible that they were consumed on the water surface by O. 
mykiss and S. malma and had little presence within the water column for detection by 
eDNA or PresDNA. This possibility would imply some subtle feeding differences 
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between Salmonidae and Cottidae and may also indicate that salmonids are generalist or 
opportunistic feeders. 
Taxonomic resolution  
Next generation sequencing resulted in good taxonomic resolution for the identified taxa; 
153 of the 180 OTUs were identified to the level of genus or species. Identification to the 
level of species was often possible for the Orders Ephemeroptera, Plecoptera, and 
Trichoptera, but for Diptera genus-level identifications were most frequent. The Diptera 
comprise one of the largest Orders of Arthropoda, with the Chironomidae being one of 
the largest Families within that Order. The Chironomidae also contributed the most 
unique taxa by any Family in the study. Research and taxonomic efforts, in comparison to 
their high abundance and diversity, make morphological identifications of Chironomidae 
to the level of species very difficult (Ekrem et al. 2010) – contributing to the paucity of 
sequences and genetic barcodes identified for specific species within this Family. This 
knowledge gap may be a significant reason for the lack of species level identifications of 
Diptera and Chironomidae in our study. 
There were 19 genera of EPTD which were exclusively detected within fish, 13 
belonging to Diptera, seven of these Chironomidae. Although it may be intuitive to 
believe the environmental samples would produce more detections of rare taxa – those 
not detected in other samples – I could only identify four and three unique genera, 
respectively, with eDNA and PresDNA analysis. This may be explained by the quality of 
the DNA within the different sample types and may also explain why the fish stomach 
homogenates produced the greatest number of genus and species level identifications. 
Unlike eDNA and PresDNA samples, fish stomach homogenates contained raw 
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invertebrate tissues. Although PresDNA samples were produced from preservative of raw 
invertebrate samples, the PresDNA itself did not contain substantial fragments, while 
eDNA was derived from only filtered water. Therefore, only the samples corresponding 
to the stomach homogenates contained actual tissue, and although it was partially 
digested within the fish, this tissue likely contained much more DNA of greater quality 
compared to the other samples. This could explain the increase in unique taxonomic 
detections, or increased taxonomic resolution obtained from the fish samples, as greater 
quality and quantity of DNA would be more effectively amplified and sequenced in this 
study. 
Why these taxa were absent from our eDNA and PresDNA samples is not clear, 
particularly when alpha diversity within the fish stomach homogenates was lower 
compared with the environmental samples. It may be that these invertebrates are present 
only in low numbers in Chist Creek. I observed most of these taxa in only a single sample 
type and year. Although they were consumed by one fish, eDNA and PresDNA may not 
have been able to detect them because of their low abundance. It may also be that they 
were not present within the stream substrate, making detection by Surber sampling very 
difficult. Phenological processes may also explain this outcome - pupae in Chist Creek 
emerged into adults simultaneously resulting in little aquatic presence until the adults 
return to the water surface days later to lay eggs. Meanwhile the presence of their DNA 
in the fish stomachs may be remnants from emergence, or an adult that was eaten at the 
water surface. It is therefore important to recognize that these techniques provide a 
snapshot into the diet of fish. Equally important is how immense biodiversity is in 
streams, when an approach such as mine which incorporated multiple sampling methods 
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was unable to produce an asymptote in the accumulation curves. It is also possible that 
conducting fish and environmental sample collection on subsequent days led to this 
inconsistency or that it was caused by an error associated with the genetic procedures.   
Limitations to the approach 
Protocols which aim to sequence environmental samples such as those used in this study 
will be subject to a variety of uncertainties. Errors during PCR amplification can occur as 
amplicons are artificially created through nucleotide base substitution (Kobayashi et al. 
1999). The potential, therefore, exists for an incorrect base to be assigned during 
amplification, resulting in one or more bases to be mismatched with the original DNA. If 
this occurs, once compared to online databases, the final sequence may not match the 
actual taxon or may align with incorrect taxon. DNA degradation can also affect DNA 
amplification. Degradation of environmental DNA can occur rapidly, depending on 
various factors, such as pH, ultraviolet radiation and temperature (Strickler et al. 2015).  
It is possible that species exist in Chist Creek which have not been formally 
identified elsewhere, therefore, no sequence data is available for comparison when I 
assigned the OTUs or there is no DNA in the database from previously identified 
specimens. The lack of biogeographic diversity and overall coverage in which 
invertebrate sampling has occurred in North America leaves significant gaps in the 
identification of known taxa and the potential inclusion of their sequences into public 
databases (Curry et al. 2018). Further, when high sequence diversity at the genera level 
exists in public databases, this does not necessarily transfer to high species diversity as 
many genera contain low sequence abundance and therefore a decreased ability to 
identify at the species level (Curry et al. 2018). The sequence database are also highly 
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populated from specimens that were identified to taxonomic rank >species, with 92.3% of 
Diptera sequences in Genbank identified to Order (Kwong et al. 2012). This lack of 
sampling coverage and taxonomic resolution can help to explain my results and some of 
the 728 OTUs which had sequences that failed to produce a result or a match with known 
sequences at ≥97% during taxonomic assignment.  
Another area of uncertainty is the detection of non-EPTD taxa. This is the 
presence of species which do not, or are highly unlikely to be present in the Kitimat River 
watershed. I detected a species of frog (Oreolalax nanjiangensis) in a 2014 eDNA 
samples which is endemic to Asia. I also detected marine species such as Ophiopallas 
paradoxa (brittle star) and Calcinus isabellae (hermit crab) during eDNA analysis, as 
well as Salmo salar (Atlantic salmon). These detections raise questions about the 
suitability of considering non-EPTD and vertebrate taxa when using universal primers 
built to target invertebrates, more specifically, those belonging to EPT. This implies that 
there should be limits in the inference made while forming conclusions on these types of 
datasets. This study aimed to describe all taxa possible, but continued research in this 
field needs to account for circumstances such as this and recognize this possibility early 
in project development as a potential bias in the results. 
I incorporated traditional diversity measures and multivariate analyses to test the 
level of consistency across the results, giving more certainty to their use and the 
assessment of taxon composition between samples. Visual representation through non-
metric multidimensional scaling (MDS) ordination and hierarchical clustering appears to 
display a similar grouping pattern of samples by their corresponding taxa. These patterns 
were successfully verified by testing statistical significance in group differences through 
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multi-response permutation procedures (MRPP). The pattern of sample variability in the 
MDS was reflected by the sample type’s corresponding beta diversity values, with eDNA 
having the least MDS variation and the lowest beta diversity value. Similarly, the fish 
stomach homogenate samples had the highest MDS variability and the highest beta 
diversity value. The use of these statistical approaches brings more certainty when 
analysing large dataset, such as those in this study, which can be difficult to summarize 
and interpret adequately – and ultimately give more confidence in the output from the 
analysis. However, traditional measures of diversity, particularly alpha diversity, provide 
an easily interpreted summary which is not replicated using multivariate analyses.  
Creating a second hierarchical cluster analysis which only included taxa which 
were present in >10% of the samples eliminated the rarer taxa or single detection events. 
Although all taxonomic detections can be relevant in a biodiversity study, and therefore 
should be included, many of the potential limitations discussed earlier can bring 
uncertainty into their presence. Reducing the data to exclude the rare taxa resulted in a 
slight difference in the hierarchical clustering. This process grouped the PresDNA 
samples with the stomach homogenate samples, implying similar taxonomic composition 
– or composition that was more similar between PresDNA and fish stomach contents than 
to the eDNA samples. This may suggest the study fish are generalist feeders with a diet 
as broad as the taxa detected by the Surber sampling procedure. It is also likely to be 
largely influenced by the number of non-EPTD taxa which were detected by eDNA and 
not PresDNA or stomach homogenate samples. These additional taxa would increase the 
group differences between eDNA and the other sample types in the cluster analysis. 
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Consistency in the approach 
The invertebrate community composition in Chist Creek differed both years across all 
sample types. This was verified statistically by visualizing with MDS and cluster 
analysis, but also using MRPP. A clear interpretation can be made using Venn diagrams 
which show half the taxa identified in each year were unique. Seasonal variation in 
community composition of aquatic invertebrates is common, and annual variation can 
occur with changes to environmental conditions (Boulton and Lake 1992; Boulton et al. 
1992; Stark and Phillips 2009; Mesa 2012). The timing of sampling was consistent in 
each year of this study, suggesting inter-annual variation in invertebrate community 
composition was likely the cause for the statistical and observed differences between a 
sample type of differing years.  
This inconsistency in the description of the invertebrate community between years 
using the techniques in this study introduces a challenge to interpret data and build on 
current research. Developing protocols to address community composition, such as 
assessing annual change, effects of disturbances or establishing baseline data would be 
difficult to implement since substantial annual variation may be inherent. Reducing the 
dataset to eliminate rare taxa did not alter the results, possibly meaning the change in 
taxonomic composition is not a product of methodological biases which may introduce 
artificial detections of taxa. It is therefore a possible reality of a dynamic stream 
ecosystem and the diverse group of invertebrates which inhabit the stream and riparian 
areas.  
No sample type was without individual variation. This is most apparent with the 
stomach homogenates where the MDS shows a more broadly scattered distribution 
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compared to eDNA and PresDNA. Although more similar compared to stomach 
homogenates, eDNA and PresDNA samples also contained differences in their taxonomic 
composition. eDNA clustered more closely than any other sampling method in the MDS 
and cluster analysis and had the lowest beta diversity value but overlap between samples 
in the MDS was rare in this study indicating that no two samples contained exact 
replicate taxa. In a lotic system, DNA is continually being flushed downstream and the 
slight temporal separation in sample collection could result in a lack of consistency 
between samples as DNA of a taxa may be added or missed when collection is not 
simultaneous. Consistency is therefore a potential constraint, but this slight scattering 
produced through eDNA replicates may collectively result in a high accuracy in 
describing the invertebrate community at the time of sampling. A high level of accuracy 
allows for individual variation as the samples cluster around the true taxonomic 
community. The taxonomic community would then be described best by the mean of the 
eDNA samples.  
The apparent diet of fish, as expressed by the composition of taxa detected from 
the stomach homogenates, varies greatly between individual fish with little consistency 
observed within a species. MRPP pairwise comparisons between fish species of the two 
years, however, showed significant differences existed. The effect of year is the most 
plausible cause for these differences, with all but one of the within-year comparisons 
having high p-values, while the between year comparison for all samples showed 
significant differences exist. MRPP uses a permutational approach which iteratively 
subsamples from within groups. When large variation is present between samples of a 
group, such as the individuals of each fish species in this study, it is possible that the 
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likelihood of dissimilarity was artificially inflated by having a large within group range to 
be subsampled. 
The variation associated with individual samples may be related to the presence of 
less abundant taxa which are not identified in all samples. Although present in low 
abundance, by converting sequence data to presence and absence all quantitative 
information is lost and all detections are given equal value. This approach may 
unfortunately increase the significance of taxa which have little ecological role or those 
that are rarely detected. This was the result of a conservative definition of a taxonomic 
detection and the lack of certainty associated with the number of sequences produced by 
each taxon, as there are currently no quantitative eDNA protocols available for reference. 
Ecological significance 
Testing for difference between eDNA and PresDNA sampling sites suggest that only a 
single site is required to give a representative description of the taxa within streams such 
as Chist Creek. Interpretation of MDS and hierarchical clustering both show that taxon 
composition between sites appear to be very similar, and this was verified with MRPP 
pairwise comparisons where all sites were not significantly different. It is necessary, 
however, to note that the sites were 400 m apart, and heterogeneity may exist when 
increasing this distance. Further, the two reaches of Chist Creek that were targeted for 
sampling are similar in size, gradient, flow, temperature, and many other environmental 
characteristics. Sites within streams which do not share this level of continuity may not 
share the same resemblance of taxonomic composition as shown here. This may be 
caused by increased heterogeneity within the stream or by the inclusion of sample 
locations which extend across reach breaks. Similar outcomes could be expected for 
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PresDNA sampling as sites which cover different habitat types would therefore be 
expected to contain a difference in the composition of taxon detected. If sites are 
determined to be homologous, however, fewer samples and resources could produce 
results which are representative of the targeted section. 
Food webs are very complex and difficult to describe with obvious gaps in the 
accurate identification of prey presence and consumption compounding the problem. 
Taxa at the base of aquatic food webs, which contribute to the primary production and 
energy transfer are often overlooked or identified to broad taxonomic ranks (Curry et al. 
2018). Molecular assessment can help describe these interactions in greater detail and 
more completely. Molecular tools have previously been used to examine predator/prey 
relationships, but this study shows how NGS can be applied to identify communities and 
taxonomic composition from bulk samples. This method of DNA analysis can greatly 
increase our understanding of aquatic food webs and their intricate relationships while 
producing substantially greater taxonomic resolution and a much broader view of the 
available prey for fish.  
The detection of terrestrially derived prey in this study is important as they are a 
vital component of salmonid diet (Baxter et al. 2005). Obtaining equivalent data from 
traditional sampling would require a complex and time-consuming sampling regime 
which targets water surface (drift), terrestrial habitats and benthic invertebrates. With my 
approach, a single water sample can provide information on available prey, comprising 
both aquatic and terrestrial organisms. This ease of sampling can lead to more robust 
studies on fish diet and prey by incorporating more temporal or spatial variability while 
researching how differing conditions influence fish. 
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The incorporation of multiple analyses produced consistent results in 
differentiating taxonomic composition which further verifies a comprehensive and 
exhaustive descriptor of these large ecological datasets and the taxa they represent. The 
use of traditional diversity measures such as alpha diversity, however, should be included 
as their values are easy to obtain and not replicated through multivariate analysis. 
Continued development of eDNA analysis such as those in this study will help eliminate 
gaps and biases associated with molecular protocols and increase and clarify our 
understanding of predatory interactions. The application of this technology in assessing 
food webs and prey communities will lead to a continual building and expansion on 
previous research which faced constraints in identification that can now be overcome. 
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EPILOGUE 
I studied the use of molecular tools to assist in the description of fish diet and available 
prey in two lotic systems. Prey ingestion naturally leads to degradation and this greatly 
limits our ability to understand the complete diet of fish. I looked at comparing two 
molecular methods, Sanger sequencing of individual prey items and next generation 
sequencing (NGS) of stomach content homogenates, with traditional morphological 
identification of prey. Morphological identification of prey was limited to Order for most 
specimens since physical structures which are necessary for taxonomic identification 
were missing or damaged. Sanger sequencing of these same specimens produced mixed 
results. The taxonomic resolution was very good, with genus and species level 
identification obtainable, however, the DNA sequencing process was successful for 
<50% of the samples. This was likely caused by a combination of small specimen sizes, 
cross contamination with other taxa while in the stomach and taxonomic biases 
associated with the universal primers. 
When performing a diet analysis using morphological identification of 
invertebrate prey you need to assume that you will be able to detect all prey items. This 
also applies to individual sequencing, as visual detection of the specimens is required. 
Using NGS to assess fish diet provided results which align most closely with this 
assumption because rather than visually detecting prey remnants, molecular protocols 
more effectively target DNA, regardless of host condition. NGS of the fish stomach 
homogenates provided taxonomic resolution comparable with Sanger sequencing, with 
genus and species identification commonly attained. What separates NGS from Sanger 
sequencing is the range of taxa detected. It could be argued that morphological 
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identification detects all the prey taxa, however, due to a lack of resolution only high 
level ranks were achieved. By including Sanger sequencing of these prey items this 
argument is essentially invalid because of the large discrepancy in the taxa observed 
when compared with NGS. NGS therefore suggest fish have a much more complex diet 
than described by the other methods. 
My second study relied on NGS as the sole descriptor for the diet of three fish 
species and the invertebrate taxonomic community in a coastal British Columbia stream. 
Environmental samples included water directly from the stream containing environmental 
DNA (eDNA) and 95% ethanol which was used to preserve DNA (PresDNA) from 
invertebrate samples collected using a Surber sampler. A considerable number of taxa 
were identified from Chist Creek during this analysis. Detected alpha diversity was 
substantially higher in the eDNA samples compared to PresDNA or the fish stomach 
homogenates. This was anticipated as the taxa represented by the PresDNA and the fish 
prey are both believed to be targeted components of the stream, while eDNA from stream 
water consists of DNA from stream and terrestrial organisms. 
eDNA samples of a site and year provided a relatively consistent taxonomic 
description of Chist Creek with little sample variation. This helps to verify the 
effectiveness of eDNA to describe a taxonomic community, indicating that only a single 
water sample could be sufficient to describe the invertebrate community of a 
homogenous section of stream. The fish, however, were generalist feeders, regardless of 
species with high variability in prey taxa between individuals. This relatively high 
variability between individuals was also experienced from the Ormond Creek fish in 
Chapter 1. Both chapters included salmonid species and Cottus sp., two groups which 
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exhibit different feeding behaviours – salmonids feed throughout the water column, 
including a propensity to feed at the surface; Cottus sp. are benthic feeders (Angradi and 
Griffith 1990; Brown et al. 1995; Merz 2002; McPhail 2007). It appears that though their 
feeding behaviours in terms of spatial exploitation may differ, at the population level both 
seem to be generalist feeders, possibly selecting invertebrate prey which happen to drift 
or become exposed in close proximity. The fish could therefore be viewed as surrogate 
sampling units for the invertebrate taxa at Chist Creek, as each of the sample types in 
Chapter 2 contributed to the overall detection of taxa from this stream. 
Next generation sequencing of samples presented in the two chapters identified 
259 taxa, 227 which were classified to genus or species. This indicates that Ion Torrent 
NGS can be consistently used to gain a much better result for high resolution of 
invertebrate taxa. I am not alone in this conclusion, as many other studies have been able 
to use various NGS platforms to demonstrate substantially greater taxonomic resolution 
compared to morphological identification (Symondson 2002; Zhou et al. 2010; Sweeney 
et al. 2011; Carreon-Martinez et al. 2011; Pompanon et al. 2012). However, this remains 
a significant contribution as it suggests NGS provides a more thorough and detailed 
description through broad application, eDNA and PresDNA, and also when applied to a 
specific assessment, fish stomach homogenates. Further, in Chapter 2 eDNA was shown 
to be a very sensitive method of taxonomic detection. This is an essential component 
which could greatly improve our historic approach to describing food web interactions, 
where the identification of primary producers and those that transfer energy are often 
overlooked or broadly classified (Curry et al. 2018). 
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 The datasets from NGS and eDNA analysis can be substantial, and I showed how 
various analyses can be applied while obtaining consistent results. Multivariate 
ordination – non-metric multidimensional scaling (MDS) – grouped samples similarly to 
hierarchical clustering, indicating separation in the taxonomic composition of the 
different sample types, while multi-response permutation procedure (MRPP) showed 
statistical difference between the sample types. Similarly, sample years were consistently 
grouped separately and significantly different. An interesting result was the consistency 
observed in the individual variation within sample types depicted in the MDS and their 
corresponding beta diversity values – larger individual variation in the MDS equated with 
higher beta diversity values. Alpha diversity, however, produced a unique 
characterization of the data and remains a simple calculation which is not replicated 
through multivariate analysis. 
Next generation sequencing application with eDNA, including PresDNA and fish 
diet analysis, provides obvious benefits over traditional assessments, as discussed above, 
but there are issues which remain unresolved. A limitation for continued success is the 
diversity of taxa represented in public sequencing databases. Assessments conducted in 
remote regions where there is high taxonomic diversity such as in this study are 
especially vulnerable to gaps in sequence identification as these areas have been sampled 
less frequently and the high diversity means an increase amount of effort would be 
required to observe all taxa. During my study, I had numerous OTUs which failed ("not 
assigned” and "no hit") to align with species in available online databases. Many of these 
may have been products of amplification error (Kobayashi et al. 1999) or other errors 
which may have damaged their structure during the sensitive preparatory process. It is 
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also likely that some of these OTUs belong to taxa which have not been populated in 
public sequence databases or that they are new species which have not been formally 
identified.  
Next generation sequencing in ecological studies began in the mid-2000’s, and the 
technology is constantly changing and requires further development and growth to 
produce more intuitive data and relevant analyses. I believe the future of NGS will 
benefit immensely from higher sensitivity and DNA preparatory procedures which 
eliminate the need for PCR and primers, so that direct assessment of sample DNA is 
possible. This would eliminate primer and PCR biases and therefore produce sequencing 
data more representative of the sample. It could also provide data which is more 
applicable for quantitative analysis through the relative or numerical comparison of 
DNA. Regardless of future developments with NGS and eDNA analysis, there remains an 
important role for morphological identification in diet and community analysis. We 
currently rely on morphological identification to differentiate and key taxa, so it would be 
needed to identify the potentially new taxa observed through eDNA analysis. Until NGS 
analysis expands beyond qualitative diet assessment, the only approach to achieve 
quantitative data is through visual, morphological identification. Quantitative data allows 
for the inclusion of many of the indices and prey selection metrics which have 
historically been used to compare diet. I believe that findings such as mine suggest that 
when completing a morphological diet analyses you recognize that the full extent of fish 
diet is likely much more than what can be visually observed. More so, these results 
should be accompanied by a large asterisk which signifies the narrow scope that is likely 
observed by this method. 
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When referencing my results in Chapter 1 it is obvious that the qualitative 
assessment of fish diet is most effective using NGS of stomach homogenates. This is an 
approach which can be streamlined to increase efficiencies and produce better results 
with less effort and cost. It is intuitive therefore that the use of this approach be expanded 
to answer practical ecological questions so that diet analyses can benefit from the greater 
insight into prey composition. Qualitative comparisons such as frequency of occurrence 
could be applied to a prey analysis, or an attempt to census the complete diet of 
individuals or populations while comparing across spatial divides could all add immense 
data to our current understanding. My research truly shows how large the gap has been in 
the description of fish diet and how complex the community structure of lotic systems 
can be.  
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APPENDIX 1 
Table A1.1: Average OTU richness of 10 rarefied OTU tables for rainbow trout (O. 
mykiss) and prickly sculpin (C. asper) stomach homogenate samples. Data was rarefied to 
2045 sequences.  
C. asper Richness SE O. mykiss Richness SE 
1A 24.9 1.09 1A 15.9 0.47 
1B 22.0 0.84 1B 20.9 0.58 
1C 23.9 0.80 1C 18.9 0.61 
2A 41.8 0.52 3A 20.3 0.72 
2B 42.0 0.52 3B 21.9 0.50 
2C 40.8 0.79 3C 18.7 0.57 
3A 12.3 0.53 7B 34.5 0.49 
3B 13.1 0.38 7C 33.5 0.95 
3C 12.8 0.55 10A 29.4 1.19 
4A 27.5 0.53 10B 26.6 0.72 
4B 23.1 0.58 10C 24.5 0.67 
5A 22.5 0.96 15A 32.3 0.39 
5B 24.3 0.82 15B 41.2 0.60 
5C 22.7 0.53 15C 30.1 0.47 
6A 21.1 0.46 16A 28.9 0.42 
6B 19.1 0.30 16B 29.4 0.70 
6C 16.6 0.37 16C 32.6 0.49 
9A 27.0 0.00 17A 40.0 0.26 
9B 20.8 0.85 17B 40.9 0.37 
9C 20.8 0.65 17C 38.9 0.57 
10A 20.4 0.75 20A 13.5 0.61 
10B 17.1 0.38 20B 10.5 0.62 
10C 18.7 0.67 20C 11.6 0.49 
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Table A1.2: Detection frequency of invertebrate genera in individual rainbow trout 
(Oncorhynchus mykiss; RB) stomach contents (n=16), using IT NGS of stomach 
homogenates and Sanger sequencing invertebrate fragments. 
 NGS Sanger  NGS Sanger 
Paraleptophlebia 8 5 Capnia 1 0 
Cinygmula 7 1 Ecclisomyia 1 0 
Ameletus 6 1 Kogotus 1 0 
Orthocladius 1 4 Leptophlebia 1 0 
Skwala 3 1 Nannochloropsis 1 0 
Tanytarsus 2 2 Polycentropus 1 0 
Lepidostoma 1 3 Triznaka 1 0 
Thienemanniella 0 4 Winthemia 1 0 
Ephemerella 3 0 Aperileptus 0 1 
Paralemanea 3 0 Baetis 0 1 
Hydropsyche 1 2 Bibio 0 1 
Zapada 1 2 Conchapelopia 0 1 
Aphis 0 3 Empoasca 0 1 
Cricotopus 0 3 Glossosoma 0 1 
Procladius 0 3 Hadroneura 0 1 
Drunella 2 0 Idiocerus 0 1 
Epeorus 2 0 Lumbricus 0 1 
Utacapnia 2 0 Micromus 0 1 
Diphetor 1 1 Oligolophus 0 1 
Isoperla 1 1 Phaenopsectra 0 1 
Synorthocladius 1 1 Psectrocladius 0 1 
Rhopalosiphum 0 2 Psychoda 0 1 
Acentrella 1 0 Rhyacophila 0 1 
Batrachospermum 1 0 Simulium 0 1 
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Table A1.3: Detection frequency of invertebrate Orders in individual prickly sculpin 
(Cottus asper; CAS) stomach contents (n=16) using IT NGS of stomach homogenates 
and Sanger sequencing invertebrate fragments. 
 NGS Sanger  NGS Sanger 
Paraleptophlebia 8 6 Diphetor 1 0 
Micropsectra 6 0 Epeorus 1 0 
Lepidostoma 5 1 Ephemerella 1 0 
Cinygmula 5 0 Hemerobius 1 0 
Tanytarsus 5 0 Hesperoperla 1 0 
Cricotopus 4 1 Heterotanytarsus 1 0 
Ameletus 4 0 Idiocerus 1 0 
Aphis 3 0 Lumbricus 1 0 
Procladius 3 0 Paracladopelma 1 0 
Orthocladius 2 1 Parakiefferiella 1 0 
Skwala 2 1 Psectrocladius 1 0 
Synorthocladius 2 1 Psychoda 1 0 
Bibio 2 0 Pterocomma 1 0 
Drunella 2 0 Rhithrogena 1 0 
Euceraphis 2 0 Spilogona 1 0 
Isoperla 2 0 Triznaka 1 0 
Leptophlebia 2 0 Anopheles 0 1 
Potthastia 2 0 Ecclisomyia 0 1 
Thienemanniella 2 0 Glossosoma 0 1 
Zapada 2 0 Oecetis 0 1 
Utacapnia 0 2 Plectrocnemia 0 1 
Anthocoris 1 0 Tokunagaia 0 1 
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Table A1.4 Detection frequency of invertebrate Orders in individual rainbow trout 
(Oncorhynchus mykiss) stomach contents (n=16), using IT NGS of stomach homogenates 
and morphological analysis of invertebrate heads. 
 NGS Morph 
Diptera 8 8 
Ephemeroptera 8 8 
Plecoptera 7 7 
Hemiptera 6 5 
Trichoptera 5 5 
Coleoptera 2 1 
Haplotaxida 2 1 
Hymenoptera 1 2 
Neuroptera 1 1 
Batrachospermales 1 0 
Lepidoptera 1 0 
Araneae 0 1 
Homoptera 0 1 
 
 
 
Table A1.5 Detection frequency of invertebrate Orders in individual prickly sculpin 
(Cottus asper) stomach contents (n=16), using IT NGS of stomach homogenates and 
morphological analysis of invertebrate heads. 
 NGS Morph 
Ephemeroptera 8 8 
Plecoptera 8 4 
Diptera 7 5 
Trichoptera 3 6 
Batrachospermales 3 0 
Eustigmatales 1 0 
Pythiales 1 0 
Tsukubamonadida 1 0 
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Table A2.1: Average OTU richness and standard error of 10 rarefied OTU tables for 
environmental DNA samples from Chist Creek, B.C. in 2014 and 2015. Data was rarefied 
to 1834 sequences.  
2014 Richness SE 2015 Richness SE 
49A 261.7 2.02 1A 218.2 1.10 
49B 265.2 2.77 1B 231.5 1.75 
49C 273.0 2.85 1C 229.5 0.22 
50A 221.5 2.10 2A 252.2 1.04 
50B 208.1 2.59 2B 244.1 1.39 
50C 214.3 2.56 2C 242.8 1.80 
51A 287.5 2.79 3A 135.5 1.86 
51B 285.2 2.41 3B 160.2 2.17 
51C 280.0 2.78 3C 162.1 2.11 
52A 289.0 1.66 6A 192.1 1.20 
52B 305.7 3.15 6B 192.1 1.47 
52C 288.1 2.28 6C 218.5 2.94 
53A 295.5 2.91 7A 161.0 0.00 
53B 302.1 3.37 7B 174.0 1.87 
53C 292.1 2.67 7C 165.0 0.93 
54A 280.8 2.25 8A 255.7 1.97 
54B 283.7 1.32 8B 243.5 1.86 
54C 277.6 2.94 8C 230.9 1.80 
 
Table A2.2: Average OTU richness and standard error of 10 rarefied OTU tables for 
Surber PresDNA preservative samples from Chist Creek, B.C. in 2014 and 2015. Data 
was rarefied to 3000 sequences. 
2014 Richness SE 2015 Richness SE 
247A 64.3 1.51 13A 90.3 1.11 
247B 61.1 1.72 13B 97.6 1.56 
247C 58.4 1.26 13C 91.6 1.00 
248A 119.8 2.16 14A 110.9 1.80 
248B 126.3 1.20 14B 113.1 1.25 
248C 106.2 1.59 14C 105.2 1.19 
249A 76.3 1.26 15A 87.6 0.85 
249B 82.7 1.03 15B 80.9 0.78 
249C 79.6 1.63 15C 91.2 1.41 
253B 71.1 1.33 16A 101.2 1.60 
253C 72.2 0.98 16B 103.5 0.89 
254A 80.9 0.66 16C 102.8 1.25 
254B 73.2 0.96 17A 73.2 0.95 
254C 69.8 1.03 17B 78.6 0.60 
255A 101.0 2.13 17C 75.9 0.10 
255B 92.9 0.75 18A 98.1 1.05 
255C 103.2 1.58 18C 118.8 1.72 
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Table A2.3: Average OTU richness and standard error of 10 rarefied OTU tables for 
coastrange sculpin (C. aleuticus), Dolly Varden (S. malma) and rainbow trout (O. mykiss) 
stomach homogenate samples collected from Chist Creek, B.C. in 2014. Data was 
rarefied to 4000 sequences.  
C. aleuticus S. malma O. mykiss 
Sample ID Richness SE Sample ID Richness SE Sample ID Richness SE 
545A 48.7 1.00 557A 39.1 0.77 553A 47.2 1.08 
545B 51.4 0.50 557B 37.5 0.75 553B 47.3 0.73 
545C 51.8 1.30 557C 37.3 0.94 553C 66.2 1.50 
546A 40.3 0.91 558A 41.5 1.02 554B 59.8 1.37 
546B 38.1 0.89 558B 39.5 0.79 554C 60.6 0.83 
546C 44.4 1.38 558C 42.2 1.06 555A 31.9 0.74 
547A 37.1 1.48 560A 34.9 1.28 555B 34.7 0.52 
547B 35.8 1.30 560B 29.8 1.18 555C 33.9 0.74 
547C 39.1 1.10 560C 34.8 1.26 556A 44.8 0.92 
549A 47.7 0.97 562A 17.6 0.45 556B 46.1 2.14 
549B 48.4 0.76 562B 19.8 0.44 556C 45.1 1.04 
549C 45.8 0.99 562C 16.9 0.98 561A 53.3 0.97 
550A 34.7 1.02 595A 30.7 1.05 561B 53.1 0.71 
550B 35.8 1.16 595C 35.1 1.23 561C 53.4 1.28 
550C 35.9 0.67 596A 41.4 1.14 587A 38.3 0.90 
551A 31.2 0.53 596B 40.3 0.98 587B 38.3 0.68 
551B 30.9 0.74 596C 42.2 1.25 587C 35.8 0.42 
551C 37.9 0.64 597A 56.6 0.91 588A 21.4 0.58 
552A 39.4 0.43 597B 55.1 0.64 588B 19.7 0.60 
552B 42.5 1.04 597C 52.7 0.97 588C 20.1 0.48 
552C 41.0 0.82    594A 49.2 1.03 
599A 35.8 0.49    594B 53.4 0.67 
599C 36.0 0.61    594C 64.2 0.63 
602A 42.0 0.56    607A 17.7 0.21 
602B 40.0 0.37    607B 19.5 0.31 
602C 41.5 0.60       
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Table A2.4: Average OTU richness and standard error of 10 rarefied OTU tables for 
coastrange sculpin (C. aleuticus), Dolly Varden (S. malma) and rainbow trout (O. mykiss) 
stomach homogenate samples collected from Chist Creek, B.C. in 2015. Data was 
rarefied to 4000 sequences. 
C. aleuticus S. malma O. mykiss 
Sample ID Richness SE Sample ID Richness SE Sample ID Richness SE 
49A 35.0 0.63 64A 48.7 0.52 57A 33.1 0.67 
49B 31.5 0.45 64B 51.8 0.84 57B 53.7 0.67 
49C 34.4 0.62 64C 45.0 0.52 57C 32.3 0.67 
50A 50.9 0.38    58A 49.3 0.82 
50B 52.4 0.67    58B 50.7 1.05 
50C 51.3 0.80    58C 48.6 0.90 
52A 56.9 0.98    59A 36.8 1.03 
52B 55.5 0.79    59B 39.9 0.77 
52C 57.0 0.77    59C 45.8 0.44 
54A 53.2 0.79    60A 53.5 0.58 
54B 59.2 0.68    60B 51.6 1.16 
54C 53.2 1.02    60C 56.4 0.96 
55A 33.9 0.53    73A 34.0 0.33 
55B 34.3 0.67    73B 37.3 0.45 
55C 35.4 0.62    73C 37.5 0.70 
66A 45.1 0.85    74A 34.5 0.58 
66B 41.0 0.79    74B 44.4 0.65 
66C 42.1 0.23    74C 35.4 0.43 
67A 41.4 0.22    75A 38.0 0.56 
67B 50.8 0.49    75B 42.4 0.54 
67C 47.4 1.25    75C 44.6 0.78 
68A 26.9 0.99    76A 31.9 0.46 
68B 27.7 0.91    76B 34.9 0.95 
68C 27.0 0.60    76C 35.0 0.45 
69A 59.9 0.74    77A 43.7 1.01 
69B 70.9 0.98    77B 44.7 0.50 
69C 67.0 0.77    77C 46.8 0.66 
70A 51.3 0.87    79B 50.0 0.91 
70B 51.0 1.15    79C 48.5 0.60 
70C 50.4 0.82       
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Table A2.5: Indicator species analysis showing significant (p<0.05) indicator species for 
stomach homogenates of O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20) 
across two years of sampling from Chist Creek, BC. 
Fish Species Year Taxon name Order IV p 
O. mykiss 2014 Ephemerella Ephemeroptera 44.8 0.0024 
  Ameletus cooki Ephemeroptera 33 0.0164 
 2015 Arctopsyche grandis Trichoptera 36 0.0072 
  Heptageniidae Ephemeroptera 34 0.0006 
S. malma 2014 Cricotopus Diptera 42.9 0.0028 
  Simulium Diptera 32.5 0.021 
  Archips grisea Other 28.6 0.0202 
  Zavrelimyia Diptera 28.6 0.022 
C. aleuticus 2014 Epeorus deceptivus Ephemeroptera 23.4 0.032 
  Baetis Ephemeroptera 21.7 0.0302 
 2015 Lumbricus Other 44.5 0.0014 
  Paraphaenocladius Diptera 39.4 0.0038 
  Ameletus pritchardi Ephemeroptera 37.7 0.0032 
  Acentrella insignificans Ephemeroptera 32 0.0186 
  Orthocladius Diptera 28.3 0.0448 
  Micropsectra Diptera 27.8 0.0336 
  Lumbricus rubellus Other 26.7 0.0434 
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Table A2.6: Indicator species analysis showing significant (p<0.05) indicator species for 
the two years of environmental sampling from Chist Creek, BC. Taxa were collected 
from three samples types - eDNA samples (n=12), PresDNA samples (n=12), and 
stomach homogenates from O. mykiss (n=20), S. malma (n=8) and C. aleuticus (n=20). 
Year Taxon name Order IV p 
2014 Epeorus longimanus Ephemeroptera 51.4 0.008 
 Ameletus cooki Ephemeroptera 40.3 0.0094 
 Stempellinella Diptera 31.1 0.0056 
 Lepidostoma cascadense Trichoptera 23.1 0.0034 
 Parametriocnemus Diptera 17.9 0.0178 
 Blephariceridae Diptera 15.4 0.0278 
 Phytophthora Other 15.4 0.0278 
 Prosimulium Diptera 15.4 0.0312 
2015 Micropsectra Diptera 57.6 0.0002 
 Paraphaenocladius Diptera 54.2 0.0002 
 Arctopsyche grandis Trichoptera 52.1 0.0002 
 Ameletus pritchardi Ephemeroptera 37.1 0.0152 
 Baetis bicaudatus Ephemeroptera 32.6 0.0138 
 Isoperla Plecoptera 30.1 0.0464 
 Lumbricus Other 28.9 0.0022 
 Ameletus Ephemeroptera 28.3 0.0318 
 Corynoneura Diptera 27.3 0.0004 
 Brillia Diptera 18.2 0.007 
 Acentrella insignificans Ephemeroptera 18.2 0.0086 
 Phytoseiidae Other 12.1 0.0372 
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APPENDIX 2 
 
British Columbia Ministry of Forests, Lands and Natural Resource Operations, Omineca 
Region fish collection permit. 
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British Columbia Ministry of Forests, Lands and Natural Resource Operations, Skeena 
Region fish collection permit. 
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Fisheries and Oceans Canada fish collection permit. 
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Fisheries and Oceans Canada fish collection permit. 
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